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INTRODUCTION 

The  ultimate  goal  of  this  program  is  to  understand  in 
detail  the  mechanisms  by  which  botulinum  neurotoxins  (BoNT) 
abrogate  neurotransmitter  release.  Clostridial  neurotoxins 
act  as  sequence  specific  endoproteases  to  cleave  specific 
constituents  of  the  synaptic  vesicle  docking/fusion  complex 
[  1-6]  .  A  widely  held  view  considers  that  BoNTs  enter  cells 
via  receptor-mediated  endocytosis.  Exposure  of  the 
holotoxin  to  the  acidic  pH  of  the  endosomal  vesicles 
induces  a  conformational  change  of  the  dichain  toxin 
allowing  the  heavy  chain  (HC)  to  insert  into  the  membrane 
thereby  forming  a  channel  through  which  the  light  chain 
(LC)  protease  is  translocated  to  the  cytosol  where  it  acts 
[  3]  .  This  model  considers  a  tri-modular  design  of  the 
neurotoxin  protein  with  a  receptor  binding  domain,  a 
translocation  domain  and  a  catalytic  domain.  Indeed,  the 
crystal  structures  of  BoNT  A  [7,8]  and  BoNT  E  [  9]  have 
disclosed  such  organization  of  the  holotoxin  and  have  given 
impetus  to  dissect  in  molecular  detail  the  steps  involved 
in  intoxication.  We  have  focused  our  efforts  on  two 
enigmatic  aspects  of  the  process:  (1)  The  mechanism  by 
which  the  HC  forms  the  conduit  for  the  translocation  of  the 
LC  across  a  membrane;  and  (2)  the  contribution  of  the 
peptide  products  of  BoNT  protease  activity  on  its 
substrates,  namely,  the  components  of  the  SNARE-complex  [  1- 
4]  . 

That  channels  are  formed  by  the  HC  has  been  surmised  from 
evidence  that  the  holotoxin  forms  channels  in  lipid 
bilayers,  predominantly  after  exposure  to  an  acidic  pH  [  10- 
12;  for  review  see  ref.  13]  .  Further,  a  23-mer  peptide, 
patterned  after  the  sequence  of  an  amphipathic  segment  of 
the  HC  [  659-681]  predicted  to  self-assemble  in  membranes 
into  a  conductive  oligomer,  was  shown  to  form  channels  in 
lipid  bilayers  [  14]  .  Thus  far,  however,  there  is  no 
evidence  for  the  direct  translocation  of  the  LC  through  the 
putative  channel  and  across  the  membrane.  Several 
outstanding  issues  remain  to  be  delineated.  Key  among  these 
are  the  dissociation  at  acidic  pH  of  the  dichain  toxin  into 
its  constituent  LC  and  HC  after  breakdown  of  the  disulfide 
bond  linking  them  [  Cys429-Cys453]  ,  the  insertion  of  the  HC 
monomers  into  the  bilayer  hydrophobic  core,  the 
oligomerization  state  of  the  HC  when  assembled  into  a 
conductive  channel,  the  requirement  of  a  pH  gradient  across 
the  membrane,  the  unfolding  of  the  LC  in  an  acidic 
environment  as  a  requirement  for  its  passage  through  a 
narrow  pore  (the  folded  LC  is  55  A  X  55  A  X  62  A,  too  large 
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to  fit  through  a  postulated  tetrameric  channel  of  ~8  A 
diameter  at  its  widest  extent) ,  the  refolding  of  the  LC  in 
the  cytosol  after  its  translocation.  It  is  clear  that  a 
channel  entity  would  constitute  a  critical  target  for 
intervention  to  abort  the  process  of  intoxication  after 
internalization  of  the  toxin.  Screening  for  channel 
blockers  continues  to  be  a  dominant  aspect  of  the  program. 
Thus  far,  the  efforts  were  focused  on  the  channels  formed 
by  the  channel  peptide  alluded  to  before  [  HC,  659-681]  .  We 
plan  to  resume  this  task  after  establishing  conditions  to 
measure  the  channel  activity  of  the  isolated  HC  and/or  the 
translocation  domain.  The  most  efficacious  blockers  will 
then  be  assayed  for  the  ability  to  prevent  the 
translocation  of  the  LC  through  the  channel. 

This  brings  us  to  the  second  facet  of  the  program.  The 
crystal  structure  of  a  SNARE  complex,  a  key  entity  involved 
in  the  specific  recognition  and  ultimately  fusion  of 
synaptic  vesicles  with  the  neuronal  plasma  membrane  was 
described  [  2]  .  The  complex  is  formed  by  the  specific 
interaction  between  segments  of  three  proteins: 
synaptobrevin-2 ,  a  vesicle  associated  protein,  and 
syntaxin-lA  and  SNAP-25B,  two  distinct  proteins  anchored  to 
the  plasma  membrane.  The  SNARE  complex  folds  into  a 
parallel  four-helical  bundle  with  a  left  handed 
superhelical  twist  [2,4] :  two  helices  are  contributed  by  a 
molecule  of  the  t-SNARE  SNAP-25;  the  other  two  by 
synaptobrevin  and  syntaxin.  We  synthesized  three  peptides 
which  correspond  to  sequences  located  in  the  syntaxin-lA  H3 
domain,  the  C-terminal  domain  of  SNAP-25,  and  a  conserved 
central  domain  of  synaptobrevin-2,  that  exhibit  a  high 
propensity  to  form  a  minimal  coiled-coil,  and  examined 
their  ability  to  assemble  into  a  coiled-coil  using  circular 
dichroism  (CD)  spectroscopy  [  15]  .  Our  results  with  these 
synthetic  peptides  [  15]  are  consistent  with  the  high- 
resolution  structure  of  the  SNARE  complex  [2,4]  .  The  four 
helical  bundle  structure  of  the  SNARE  complex  may  bring 
into  juxtaposition  the  surfaces  of  the  apposed  vesicle  and 
plasma  membrane  bilayers  to  facilitate  fusion.  How  this  may 
happen  is  not  known,  however,  Ca2+  is  required  and  other 
proteins  may  catalyze  and  confer  additional  specificity  to 
the  process  [5,6]  . 

BoNTs  proteolytically  cleave  the  three  proteins  of  the 
SNARE  complex,  consequently  preventing  vesicle  fusion  and 
thereby  abrogating  transmitter  release  [  3]  .  Our  program  is 
focused  on  the  cleavage  fragments  resulting  from  BoNT- 
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mediated  substrate  proteolysis  and  the  emerging  hypothesis 
that  the  efficacy  of  BoNTs  as  inhibitors  of  neurosecretion 
may  arise  from  the  synergistic  action  of  cleaving  the 
substrate  and  releasing  peptide  products  that  disable  the 
fusion  process  by  blocking  specific  steps  of  the  exocytotic 
cascade  [  16-18]  .  Indeed,  synthetic  peptides  corresponding 
to  the  sequences  of  the  cleavage  products  of  BoNT  A  and  E 
act  as  inhibitors  of  neurosecretion,  and  mimic  several 
aspects  of  the  neurotoxin  action  in  vitro  [16-18]  . 
Accordingly,  effort  has  been  directed  to  achieve  the  stable 
expression  of  the  SNAP-25  C-terminal  cleavage  product  of 
BoNT  E  in  mammalian  neurosecretory  cells  and  to  compare  its 
activity  with  that  of  the  expressed  LC  of  BoNT  E.  As 
summarized  in  the  BODY  of  the  report  (Section  6)  ,  we  have 
implemented  a  robust  assay  for  basal  and  evoked  exocytosis 
in  PC-12  cells  and  demonstrated  the  inhibitory  activity  of 
expressed  BoNT  A  and  BoNT  E  LCs  on  secretion  of  human 
growth  hormone,  used  as  the  marker  for  secretory  granules. 
Work  in  progress  indicates  that  the  conditions  for  peptide 
expression  need  to  be  optimized  in  order  to  reach  levels 
commensurate  with  those  necessary  to  achieve  inhibition,  as 
was  previously  demonstrated  for  synthetic  peptides 
introduced  into  chromaffin  cells  after  membrane 
permeablization,  or  after  microinjection  into  Aplysia 
neurons  [  16-18]  . 

BODY 

Task  1:  Characterization  of  the  ion  channel  of  BoNT  A  and 
identification  of  open  channel  blockers. 

The  effort  is  focused  on  the  intact  HC  of  BoNT  A 
reconstituted  in  lipid  bilayers.  We  have  used  commercially 
available  BoNT  A  HC  from  Calbiochem  (Catalogue  #  203652) . 
The  protein  is  supplied  in  20  mM  sodium  phosphate,  pH  7.5 
supplemented  with  10  mM  mercaptoethanol .  This  protein 
exhibits  a  strong  tendency  to  precipitate  thereby  limiting 
the  reconstitution  strategies  and  the  range  of  experimental 
conditions  necessary  to  explore  the  hypothesis  formulated. 
We  are  exploring  the  possibility  of  securing  cDNA  clones 
encoding  the  HC  in  order  to  produce  recombinant  protein  and 
to  expand  the  range  of  reconstitution  modalities.  In  an 
effort  to  overcome  the  precipitation  problem  we  have 
started  collaboration  with  Raymond  C.  Stevens,  who  has  now 
moved  to  The  Scripps  Research  Institute  conveniently 
located  also  in  La  Jolla.  Stevens  and  his  group  have 
produced  recombinant  translocation  domain  of  BoNT  A.  This 
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domain  is  ~50  kDa  and  encompasses  residues  488-872  of  the 
holotoxin  A  sequence.  This  segment  contains  the  channel¬ 
forming  peptide  [  659-681]  previously  described  by  our  group 
[  14,19]  .  It  also  contains  the  elusive  "belt"  [  492-545]  ,  a 
54-residue  segment  that  wraps  around  the  perimeter  of  the 
catalytic  domain  and,  at  .pH  7.0,  appears  largely 
unstructured.  This  segment  may  be  critical  to  facilitate 
the  insertion  of  the  translocation  domain  into  the  membrane 
and/or  sense  the  pH  [  8]  .  Removal  of  the  C-terminal  ~50  kDa 
binding  domain  may  reduce  the  tendency  of  the  HC  to 
aggregate  and  therefore  lead  to  a  reliable  reconstitution 
scheme.  Accordingly,  we  are  in  the  process  of  producing 
recombinant  translocation  domain  protein,  which  in  due  turn 
will  be  used  in  bilayer  reconstitution  experiments.  An 
intriguing  construct  has  also  been  designed  aiming  to 
examine  the  functional  role  of  the  "belt";  this  construct 
is  derived  from  the  translocation  domain  yet  it  is  devoid 
of  the  "belt"  and  the  first  44-residues.  The  activity  of 
the  intact  and  the  "belt-less"  translocation  domains  will 
be  examined  after  reconstitution  in  lipid  bilayers.  It  will 
be  interesting  to  assess  if  the  "belt"  sequence  facilitates 
or  confers  membrane  insertion  capabilities  on  the 
translocation  domain. 

Reconstitution  studies  exploit  the  sensitivity  of  single 
channel  recordings  as  an  assay  to  uncover  open  channel 
blockers.  Channel  properties  are  characterized  in  terms  of 
changes  in  single  channel  conductance,  ionic  selectivity, 
open  channel  lifetimes  and  open  channel  probability. 
Several  "classes"  of  agents  have  been  surveyed  for  open 
channel  blocker  activity  based  on  their  established 
efficacy  against  other  cation-selective  channel  proteins. 
These  have  thus  far  included:  Chlorpromazine ,  dizolcipine 
(MK-801)  and  a  local  anesthetic  derivative  of  lidocaine 
-QX-222,  all  blockers  of  voltage-gated  and  ligand-gated 
channel  proteins,  as  well  as  the  antimalarial  agents, 
chloroquine  and  quinacrine .  The  activity  of  these  blockers 
will  be  reexamined  on  the  reconstituted  translocation 
domain . 

A  major  aim  consists  in  delineating  the  molecular  events 
involved  in  the  dissociation  of  the  LC  and  the  HC,  the 
insertion  of  the  HC  into  the  bilayer  and  its  assembly  into 
a  functional  protein  conducting  channel,  the  direct 
measurement  of  the  passage  of  the  LC  through  the  HC  channel 
presumably  as  an  unfolded  polypeptide  chain,  the  eventual 
refolding  of  the  LC  in  a  neutral  pH  environment  and  the 
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assay  of  its  catalytic  activity  after  completing  the 
translocation  steps.  These  studies  will  require  the 
assembly  of  bilayers  under  a  pH  gradient  (the  cis- 
compartment  at  pH  4.8  and  the  trans-compartment  at  pH  7.4) 
aiming  to  mimic  the  conditions  that  may  be  prevalent  across 
the  endocytic  vesicle.  This  analysis  will  be  complemented 
with  a  determination  of  the  pH  profile  for  the  unfolding 
and  refolding  of  the  LC.  Such  information  is  necessary  to 
understand  if  the  unfolded  LC  is  the  molecular  entity  that 
permeates  across  the  HC  channel  and,  if  so,  if  it  contains 
the  inherent  ability  to  refold  a  neutral  pH  after  the 
translocation  step  is  complete.  As  indicated,  unfolding  of 
the  LC  in  an  acidic  environment  may  be  a  requirement  for 
its  passage  through  a  pore  of  ~8  A  diameter  (the  folded  LC 
is  55  A  X  55  A  X  62  A) ,  implying  that  refolding  would  occur 
in  the  cytosol  after  its  translocation. 

Another  view  considers  that  the  HC  may  act  as  a  chaperonin 
allowing  the  LC  to  unfold  and  refold  inside  a  cavity  formed 
by  the  HC  in  response  to  the  extreme  pH  situations,  as  may 
occur  during  the  transit  of  the  toxin  from  the  cell 
exterior  via  the  endocytic  pathway  and  then  into  the 
cytosol.  A  "chaperonin"-like  activity  of  the  HC  may  be 
associated  with  its  ability  to  form  a  protein-conducting 
channel.  Such  a  channel  would  be  expected  to  exhibit  a 
large  conductance  compatible  with  a  wide  patent  pathway  for 
the  passage  of  the  unfolded  or  partially  folded  LC.  Testing 
this  model  would  require  using  the  intact  HC  and 
establishing  a  direct  correlation  between  the  conductance 
measurements  in  the  bilayers  with  the  actual  transfer  of 
the  LC  from  one  aqueous  compartment  to  another. 
Implementation  of  these  measurements  is  currently  are  under 
way. 

Structure-function  correlates  aimed  to  determine  reactive 
sites  within  the  conductive  pathway  will  be  examined  using 
our  molecular  model  of  the  pore-forming  structure  [  14]  as 
well  as  the  3.3  A  structure  obtained  by  the  Stevens  group 
[  8]  .  It  is  anticipated  that  this  analysis  may  yield 
insights  into  the  structure  of  the  binding  pocket  formed  by 
the  HC  oligomeric  pore  and  may  outline  the  profile  of  the 
channel  through  which  the  LC  may  be  translocated.  This 
template  structure  may  provide  useful  guidelines  to 
optimize  the  design  of  pore  blockers. 

Two  practical  obstacles  have  hampered  this  facet  of  the 
program.  The  first  concerns  the  availability  of  purified, 


8 


! 


isolated  HC  and  LC  and  the  labile  nature  of  the  isolated 
chains.  We  have  now  collected  cDNA  clones  for  the  LC  of 
BoNT  A  (E.  Johnson,  University  of  Wisconsin)  and  BoNT  E 
(Heiner  Niemann,  Medical  School,  Hannover,  Germany)  and  we 
are  producing  recombinant  LC.  However,  thus  far,  we  have 
not  secured  clones  for  the  HC;  a  request  has  been  sent  to 
Dr.  B.  Singh,  University  of  Massachusetts  Dartmouth)  [  20] 
to  this  effect.  The  second  is  associated  with  the 
recruitment  of  appropriately  trained  and  committed 
personnel.  Dr.  Lilia  Koriazova  has  recently  joined  the 
program.  She  is  currently  under  training  in  the  specific 
techniques  required  and  implementing  other  components  of 
the  program,  as  described. 

Task  2:  Role  of  the  peptide  products  of  BoNT  protease 
activity  on  neurotransmitter  release. 

Many  studies  in  the  past  two  years  have  examined  SNARE 
assembly  and  inhibition  of  complex  formation  by  these 
toxins  in  relation  to  the  kinetics  and  regulation  of 
exocytosis  [  21-24]  .  In  this  laboratory,  in-vitro  studies 
were  performed  examining  the  activity  of  these  toxin 
cleavage  products  as  potential  inhibitors  of  exocytosis 
[  16-18]  .  The  26  amino  acid  C-terminal  peptide  released  by 
cleavage  of  SNAP-25  with  BoNT  E  was  introduced  into 
permeabilized  chromaffin  cells  as  well  as  Aplysia  neurons 
to  study  the  impact  on  neurotransmitter  release.  It  was 
concluded  that  the  peptide,  termed  ESUP,  inhibits  vesicle 
docking  and  thus  exocytosis  by  competing  with  SNAP-25  for 
coil  formation  within  the  SNARE  complex.  From  these 
studies  the  question  arose: 

How  does  the  stable  expression  of  the  SNAP-25  C-terminal 
cleavage  product  of  BoNT  E  modulate  neurosecretion  in 
mammalian  neurosecretory  cells? 

Approach:  The  26-mer  C-terminal  fragment  of  SNAP-25  was 
subcloned  into  a  mammalian  expression  vector,  transfected 
into  neurosecretory  cells  and  the  impact  on  exocytosis 
assessed. 

Cloning:  PCR  primers  were  designed  in  order  to  clone  the 
desired  region  of  SNAP-25  into  pCDNA3.1/  CTGFP-TOPO  ,  a 
PCR  cloning  vector  from  Invitrogen  with  a  C-terminal  GFP 
(green  fluorescent  protein)  fusion  tag.  Reverse  primers 
were  designed  to  generate  either  fused  or  unfused  protein 
products  within  the  vector.  Fragments  encoding  26  as  well 
as  36  amino  acids  of  the  SNAP-25  C-terminus  were  cloned 
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with  the  idea  that  a  longer  fragment  of  the  coil  may 
exhibit  a  higher  propensity  for  complex  formation. 
Additionally,  fragments  encoding  the  C-terminal  26  and  36 
amino  acids  of  SNAP-25  were  PCR  cloned  into  pCR3. 1-Uni, 
another  Invitrogen  mammalian  expression  vector  (see 
Appendix  3,  vector  maps) . 

As  positive  controls  for  inhibition  of  exocytosis,  LCs  from 
BoNT  A  and  E  were  also  PCR  cloned  into  pCDNA3 . 1/CTGFP-T0P0 
vector.  Light  chain  A  was  only  cloned  in  an  unfused 
configuration  to  the  GFP  tag,  but  LC  E  was  designed  to  be 
either  fused  or  unfused  (Stop)  to  the  C-terminal  GFP. 
Restriction  and  sequence  analysis  were  used  to  confirm  the 
identity  of  clones,  and  a  good  open  reading  frame  was 
determined  by  entering  the  nucleotide  sequence  into  ORF 
(NIH  website  program) .  Please  see  Appendix  1  (Primer  sets) 
and  Appendix  2  (Inventory  of  clones) 

Cells:  PC12  cells  acquired  from  ATCC  were  cultured  at 
37°C,  5%  CO2,  80-90%  humidity  in  high  glucose  DMEM 
(Biowhittaker)  supplemented  with  2  mM  Glutamine,  10%  Horse 
serum,  5%  fetal  bovine  serum,  fungizone  and 
penicillin/streptomycin.  One  trypsinization  step  was 
required  early  in  culture  to  disperse  the  cells,  after 
which  trituration  through  a  26  1/2  gauge  needle  was 
sufficient  to  disperse  cells  prior  to  plating. 

Plating  cells:  12-well  tissue  culture  plates  (Corning) 
were  treated  at  least  five  hours  and  up  to  overnight  at 
37°C  with  0.5-1  ml/well  0.2  mg/ml  Poly-D-Lysine . 
Thereafter,  wells  were  washed  twice  with  sterile  water  and 
allowed  to  dry  in  the  laminar  flow  hood.  Dispersed  PC12 
cells  were  plated  at  a  density  of  0.5  -  1.0  X  10e6  cells/ml 
such  that  the  total  equaled  *  1.0  X  10e6  cells  per  well. 
These  were  allowed  to  incubate  overnight  before 
transfection. 

Transfection:  PC12  cells  were  transiently  transfected  with 
SNAP-25  fragments  as  well  as  the  light  chains  of  BoNT  A  and 
E.  Control  transfection  vectors  include  pCDNA3.1+  and 
pCDNA3 . 1/CTGFP .  These  clones  were  each  co-transfected  with 
a  commercially  available  mammalian  expression  vector 
encoding  human  growth  hormone  (pXGH5,  Nichols  Diagnostics) 
as  a  marker  for  regulated  secretion/secretory  granules.  We 
adopted  the  method  of  Fisher  and  Burgoyne  [  25]  using 
Effectene  (Qiagen)  as  our  transfection  reagent.  Secretion 
experiments  were  performed  72  hours  post  transfection. 
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For  Effectene  transfections,  0. 1-0.2  pg  pXGH5  and  0. 2-1.1 
pg  test  vector  were  transfected  per  well  according  to 
manufacturer's  instructions.  The  level  of  hGH  expression 
as  measured  by  ELISA  served  as  an  index  for  transfection 
efficiency.  Because  Effectene  is  nontoxic  to  PC12  cells 
and  the  method  allows  for  transfection  in  complete  cell 
media,  the  transfection  mixture  was  left  on  the  cells  for 
48  hours  before  changing  the  media.  This  seemed  to  improve 
expression  levels  of  hGH. 

Secretion:  Cells  were  stimulated  to  undergo  exocytosis  by 
either  depolarization  with  55  mM  KC1  in  calcium  secretion 
buffer  [  CaSB :  NaCl  150  mM,  CaCl2  2  mM,  KC1  5  mM,  HEPES  10 
mM,  pH  7 . 4]  ,  or  stimulation  with  300  pM  ATP  using  the 
Krebs'  -Ringer  buffer  (NaCl  145  mM,  KC1  5mM,  MgCl2  1.3  mM, 
NaH2P04  1.2  mM,  dextrose  10  mM,  HEPES  20  mM,  CaCl2  3  mM,  pH 
7.4)  [  25]  . 

Secretion  was  performed  at  room  temperature  for  15  min, 
after  which  the  secretion  supernatant  was  collected  and 
frozen  at  -20°C.  Cells  were  then  lysed  in  buffer 
containing  1%  Triton  X-100  for  15  -  30  min  on  a  rocker  and 
the  lysate  was  collected  and  frozen  at  -20°C.  Samples  were 
stored  at  -20°C  until  assay  by  ELISA  for  hGH  . 

ELISA:  hGH  ELISA  was  performed  according  to  the 
manufacturer  (Boehringer  Mannheim/Roche,  cat#  1585878). 
Secretion  was  expressed  as  the  percentage  of  total  hGH 
released;  the  hGH  value  given  for  the  secretion  supernatant 
was  divided  by  the  sum  of  the  hGH  values  for  supernatant 
and  lysate  for  each  well. 

Results : 

Summarized  secretion  data  for  ATP-stimulated  exocytosis  are 
shown  below.  The  results  indicate  that  in  this  mammalian 
expression  system,  BoNT  LC  A  and  E  inhibit  exocytosis, 
whereas  the  ESUPs  tested  have  little  if  any  effect. 
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ATP-evoked  hGH  secretion  in  PC12  cells  transiently  transfected  with 
control  vector  or  vector  encoding  BoNT  LCA  or  LCE .  Conditions  were  as 
described  in  the  Body  of  the  report . 


ATP-evoked  hGH  secretion  in  PC12  cells  transiently  transfected  with 
control  vector  or  vector  encoding  ESUP26  or  ESUP36 .  Conditions  were 
as  described  in  the  Body  of  the  report . 


AlP-evoked  hGH  secretion,  Control  vs  E26  and  E36 


Contrd/basal  I  Contrd/ATP  1  E26/Basal  I  E26/ATP  E36/basal 


E36/ATP 


2.6% 


0.3% 


2.3% 


27.1% 


2.8% 


24.6% 


26.9% 


MEAN 


Control,  ESUP26  and  ESUP36  transfections 


ATP-evoked  hGH  secretion,  Control  vs  BoNT  LCA  and  LCE 


Control/basal  Contrd/ATP  LCA/basal  LCAATP  LCE/basal 


LCE/ATP 


t  r/i 


17.0% 


14.7% 


El  LEAN 


Control,  LCA  and  LCE  transfections 


It  is  not  clear  why  ESUPs  are  inhibitory  when  introduced  as 
peptides  into  permeabilized  cells  or  microinj ected  into 
neurons  [  16-18]  but  not  when  transfected  as  mammalian 
expression  clones.  One  explanation  could  be  that  the 
quantity  of  ESUP  produced  within  the  cell  is  insufficient 
to  render  it  an  effective  inhibitor.  In  the 
permeabilization  studies,  it  took  -1000-fold  more  peptide 
than  toxin  to  show  a  similar  effect  [  18]  .  The  LCs  act 
enzymatically  and  therefore  may  not  require  robust 
expression  levels  to  show  activity.  In  addition  to  varying 
the  amount  of  test  vector  transfected  into  cells,  attempts 
were  made  to  boost  vector  expression  by  the  addition  of 
sodium  butyrate  (NaBut)  to  transfected  cells  [ 26]  .  While 
treatment  of  transfected  cells  with  NaBut  increased 
expression  of  hGH  significantly,  it  also  altered  the  cell 
morphology  and  the  nature  of  secretion.  In  some 
experiments,  the  cells  appeared  to  "fuse"  into  syncitial 
looking  "mats."  In  others,  the  secretion  profiles  seemed 
unregulated,  such  that  basal  secretion  was  as  high  as 
stimulated  secretion.  It  is  possible  that  NaBut 
overstimulated  production  of  hGH  to  the  extent  that  hGH  was 
no  longer  secreted  exclusively  by  the  regulated  exocytosis 
pathway.  Although  NaBut  treatment  may  be  a  useful  tool  to 
boost  vector  expression,  as  yet  we  have  not  developed  a 
reliable  protocol  for  treating  PC12  cells  with  NaButyrate 
without  interfering  with  normal  cell  growth  and  secretion. 

Another  possibility  for  the  inactivity  of  these  clones  is 
that  the  peptide  is  not  being  expressed  or  is  degraded  by 
the  cell  before  reaching  its  target.  In  order  to  verify 
peptide  expression,  western  blotting  was  performed  on  the 
secretion  assay  lysates  using  antibodies  specific  to  the  N 
and  C  terminus  of  SNAP-25.  Although  the  LC  transfections 
appear  to  block  exocytosis  by  functional  assay,  we  could 
not  detect  cleaved  SNAP-25  in  our  lysates,  nor  could  we 
detect  peptide  expression  in  the  E36  transfected  samples. 
Given  that  transfection  efficiencies  or  expression  may  not 
be  high  enough  to  detect  peptide  product  in  the  overall 
cell  population,  immunoprecipitation  assays  using  the  SNAP- 
25  antibodies  will  be  the  next  effort  to  demonstrate 
peptide  expression  and  SNAP-25  cleavage  by  the  BoNT  LCs. 
Northern  blots  or  RT-PCR  assays  may  be  necessary  in  order 
to  confirm  mRNA  expression  as  well.  Antibodies  to  BoNT  LCs 
are  limited  at  present,  but  peptide  antibodies  are 
currently  being  raised  to  various  regions  of  BoNT  LC  A. 
There  are  also  preliminary  functional  data  indicating  that 
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the  ESUPs  are  expressed:  cotransfection  of  LC  and  ESUP 
vectors  seem  to  show  partial  rescue  of  exocytosis.  If 
indeed  the  ESUPs  in  question  can  interfere  with  toxin 
activity  but  do  not  themselves  act  as  effective  inhibitors 
of  exocytosis,  it  may  be  necessary  to  examine  other  peptide 
regions  and  /or  components  of  the  SNARE  complex  as  ESUPs. 

In  addition  to  transient  transfection  assays,  we  have 
stably  transfected  PC12s  with  pCDNA3 . 1/CTGFP,  E36,  E26  (2 
clones)  and  LCA  vectors.  Cells  were  transfected  with 
GenePorter  (GeneTherapy  Systems) ,  expression  was  boosted 
with  NaButyrate  (which  was  discontinued  due  to  cell 
fusing) ,  and  then  cells  were  selected  over  several  weeks 
using  G418.  Cell  phenotype  returned  to  normal  during  this 
time.  Cultures  were  maintained  as  a  population  rather  than 
cloning  out  individual  cell  lines.  DNA  was  extracted  from 
cell  samples  and  PCR  screening  was  done  to  determine  if  the 
cell  DNA  contained  the  transfect  of  interest.  In  general, 
one  primer  from  the  vector  and  one  primer  from  the  cloned 
insert  were  used.  In  all  G418  selected  cell  populations 
except  the  E26  transfected  cells,  a  single  PCR  product  of 
the  correct  size  was  detected,  indicating  that  the  vector 
had  stably  integrated  into  the  cell  genome.  In  the  E26 
cells,  a  ladder  like  product  was  generated,  suggesting  that 
the  vector  has  inserted  in  tandem  or  in  multiple  sites  of 
the  genome.  It  will  be  necessary  to  confirm  the  identity 
of  the  transfected  cell  DNA  and  PCR  products  by  Southern 
blotting.  Digestion  of  the  E26  PCR  product  with  an  enzyme 
specific  to  the  insert  should  define  if  the  insertion  is  a 
tandem  repeat.  hGH  transfection  and  secretion  experiments 
are  currently  underway  to  determine  the  exocytotic  capacity 
of  these  cell  populations.  In  addition,  cell  lysates  have 
been  made  in  order  to  perform  western  blots  and 
immunoprecipitation  assays  to  confirm  expression  of  the 
transfected  genes.  Northern  blots  and/or  RT-PCR  will  also 
be  performed  in  order  to  confirm  mRNA  expression  if 
necessary. 

As  alluded  to  previously,  the  repertoire  of  ESUPs  may  be 
expanded  to  other  SNARE  protein  peptides,  such  as  the 
syntaxin  region  cleaved  by  BoNT  C.  Another  candidate  may 
be  the  N  terminal  segment  of  SNAP-25  involved  in  the 
coiled-coil  SNARE  complex  to  which  Xu  et  al  [  24]  raised 
antibodies  that  inhibit  exocytosis.  However,  before 
embarking  on  further  peptide  design  and  expression,  it  will 
first  be  necessary  to  confirm  ESUP  expression  in  our 
system. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Activation  of  store-operated  calcium-current  in  Xenopus 
oocytes  requires  SNAP-25  but  not  a  diffusible  messenger. 
Depletion  of  Ca2+  stores  in  Xenopus  oocytes  activated  entry 
of  Ca2+  across  the  plasma  membrane,  which  was  measured  as  a 
current  ISoc  in  subsequently  formed  cell-attached  patches. 
Isoc  survived  excision  into  inside-out  configuration.  If 
cell-attached  patches  were  formed  before  store  depletion, 
Isoc  was  activated  outside  but  not  inside  the  patches.  ISoc 
was  potentiated  by  microinjection  of  Clostridium  C3 
transferase,  which  inhibits  Rho  GTPase,  whereas  ISoc  was 
inhibited  by  expression  of  wild-type  or  const itutively 
active  Rho.  Activation  of  ISoc  was  also  inhibited  by 
Clostridium  BoNT  A  and  dominant-negative  mutants  of  SNAP-25 
but  was  unaffected  by  brefeldin  A.  These  results  suggest 
that  oocyte  ISOc  is  dependent  not  on  aqueous  diffusible 
messengers  but  on  SNAP-25,  probably  via  exocytosis  of 
membrane  channels  or  regulatory  molecules. 

Cell  98:475-485  (1999) 

•  Electrostatic  attraction  at  the  core  of  membrane  fusion. 
SNARE  proteins  appear  to  be  involved  in  homotypic  and 
heterotypic  membrane  fusion  events.  The  crystal  structure 
of  the  synaptic  SNARE  complex  exhibits  a  parallel  four- 
helical  bundle  fold  with  two  helices  contributed  by  SNAP- 
25,  a  target  SNARE  (t-SNARE) ,  and  the  other  two  by  a 
different  t-SNARE,  syntaxin,  and  a  donor  vesicle  SNARE  (v- 
SNARE) ,  synaptobrevin.  The  carboxy-terminal  boundary  of  the 
complex,  predicted  to  occur  at  the  closest  proximity 
between  the  apposed  membranes,  displays  a  high  density  of 
positively  charged  residues.  This  feature  combined  with  the 
enrichment  of  negatively  charged  phospholipids  in  the 
cytosolic  exposed  leaflet  of  the  membrane  bilayer  suggest 
that  electrostatic  attraction  between  oppositely  charged 
interfaces  may  be  sufficient  to  induce  dynamic  and  discrete 
micellar  discontinuities  of  the  apposed  membranes  with  the 
transient  breakdown  at  the  junction  and  subsequent 
reformation.  Thus,  the  positively  charged  end  of  the  SNARE 
complex  in  concert  with  Ca2+  may  be  sufficient  to  generate  a 
transient  "fusion  pore". 

FEBS  Lett.  447:129-130  (1999) 
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•  Assembly  of  a  ternary  complex  by  the  predicted  minimal 
coiled-coil  forming  domains  of  syntaxin,  SNAP-25  and 
synaptobrevin . 

The  assembly  of  target  (t-SNARE)  and  vesicle-associated  (v- 
SNARE)  proteins  is  a  critical  step  for  the  docking  of  synaptic 
vesicles  to  the  plasma  membrane.  Syntaxin-IA,  SNAP-25  and 
synaptobrevin-2  (VAMP-2)  bind  to  each  other  with  high 
affinity,  and  their  binding  regions  are  predicted  to  form  a 
trimeric  coiled-coil.  We  designed  three  peptides  which 
correspond  to  sequences  located  in  the  syntaxin-lA  H3  domain, 
the  C-terminal  domain  of  SNAP-25,  and  a  conserved  central 
domain  of  synaptobrevin-2,  that  exhibit  a  high  propensity  to 
form  a  minimal  trimeric  coiled-coil.  The  peptides  were 
synthesized  by  solid  phase  methods  and  their  interactions  were 
studied  by  CD  spectroscopy.  In  aqueous  solution,  the  peptides 
were  unstructured  and  showed  no  interactions  with  each  other. 
In  contrast,  upon  addition  of  moderate  amounts  of 
trif luoroethanol  (30%),  the  peptides  adopted  an  a-helical 
structure  and  displayed  both  homomeric  and  heteromeric 
interactions.  The  interactions  observed  in  ternary  mixtures 
induce  a  stabilization  of  peptide  structure  that  is  greater 
than  that  predicted  from  individual  binary  interactions, 
suggesting  the  formation  of  a  higher  order  structure 
compatible  with  the  assembly  of  a  trimeric  coiled-coil. 

J.  Biol.  Chem.  273:34214-34221  (1998) 

•  The  26-mer  peptide  released  from  SNAP-25  cleavage  by 
botulinum  neurotoxin  E  inhibits  vesicle  docking. 

BoNT  E  cleaves  SNAP-25  at  the  C-terminal  domain  releasing  a 
26-mer  peptide.  This  peptide  product  may  act  as  an 
excitation-secretion  uncoupling  peptide  (ESUP)  to  inhibit 
vesicle  fusion  and  thus  contribute  to  the  efficacy  of  BoNT 
E  in  disabling  neurosecretion.  We  have  addressed  this 
question  using  a  synthetic  26-mer  peptide  which  mimics  the 
amino  acid  sequence  of  the  naturally  released  peptide,  and 
is  hereafter  denoted  as  ESUP  E.  This  synthetic  peptide  is  a 
potent  inhibitor  of  Ca2+-evoked  exocytosis  in  permeabilized 
chromaffin  cells  and  reduces  neurotransmitter  release  from 
identified  cholinergic  synapses  in  in  vitro  buccal  ganglia 
of  Aplysia  calif ornica.  In  chromaffin  cells,  both  ESUP  E 
and  BoNT  E  abrogate  the  slow  component  of  secretion  without 
affecting  the  fast,  Ca2+-mediated  fusion  event.  Analysis  of 
immunoprecipitates  of  the  synaptic  ternary  complex 
involving  SNAP-25,  VAMP  and  syntaxin  demonstrates  that  ESUP 
E  interferes  with  the  assembly  of  the  docking  complex. 
Thus,  the  efficacy  of  BoNTs  as  inhibitors  of  neurosecretion 
may  arise  from  the  synergistic  action  of  cleaving  the 
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substrate  and  releasing  peptide  products  that  disable  the 
fusion  process  by  blocking  specific  steps  of  the  exocytotic 
cascade . 

FEBS  Lett.  435:84-88  (1998) 

•  Structural  stabilization  of  botulinum  neurotoxins  by 
tyrosine  phosphorylation. 

Tyrosine  phosphorylation  of  BoNTs  augments  their 
proteolytic  activity  and  thermal  stability,  suggesting  a 
substantial  modification  of  the  global  protein 
conformation.  We  used  Fourier-Transf orm  Infrared  (FTIR) 
spectroscopy  to  study  the  modulation  of  secondary  structure 
and  thermostability  of  tyrosine  phosphorylated  BoNT  A  and 
BoNT  E.  Changes  in  the  conf ormat ionally-sensitive  amide  I 
band  of  the  infrared  spectra  upon  phosphorylation  indicated 
alterations  in  the  protein  secondary  structure;  the  a-helix 
content  increased  with  a  concomitant  decrease  of  less 
ordered  structures  such  as  turns  and  random  coils,  and 
without  any  change  in  p-sheet  content.  This  change  in 
secondary  structure  was  accompanied  by  an  increase  in  the 
amide  II  band  absorbance  remaining  upon  H-D  exchange, 
suggesting  tighter  packing  for  the  phosphorylated  protein. 
FTIR  and  Differential  Scanning  Calorimetry  (DSC)  analyses 
of  the  denaturation  process  show  that  phosphorylated 
neurotoxins  denaturated  at  temperatures  higher  than  those 
required  by  nonphosphorylated  species.  These  findings 
indicate  that  tyrosine  phosphorylation  induced  transition 
to  higher  order  and  more  compact  structure  probably  imparts 
to  the  phosphorylated  neurotoxins  the  higher  catalytic 
activity  and  thermostability. 

FEBS  Lett.  429:78-82  (1998) 

•  Structural  characteristics  of  a  23-mer  channel  forming 
peptide  from  botulinum  neurotoxin  type  A. 

A  channel-forming  peptide  from  the  translocation  domain  of 
the  HC  of  BoNTA  has  been  examined  by  CD  in  order  to  probe 
transitions  in  secondary  structure  induced  by  environmental 
variables  such  as  solvent  polarity  and  pH.  The  secondary 
structure  of  the  peptide  is  highly  sensitive  to  solvent  and 
pH.  In  aqueous  solution  at  pH  7.0,  the  peptide  was 
unstructured.  In  contrast,  upon  addition  of 
trif luoroethanol  (up  to  60%),  the  peptide  adopted  a 
conformation  compatible  with  a  mixture  of  a-helix  and  13- 
sheets.  At  pH  3.3,  the  peptide  exhibited  primarily  a  (3-sheet 
configuration  at  TFE  concentrations  below  30%,  whereas  it 
was  primarily  a-helical  at  TFE  concentrations  above  40%. 
This  sensitivity  to  pH  and  solvent  polarity  are  compatible 
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with  the  requirement  of  an  amphipathic  segment  to  insert 
into  the  hydrophobic  core  of  a  bilayer.  Such  features  are 
consistent  with  the  channel  forming  activity  recorded  after 
reconstitution  of  the  peptide  in  lipid  bilayers  and  may 
reflect  the  key  contribution  of  this  segment  of  the  HC 
towards  the  insertion  of  the  translocation  domain  into  the 
bilayer  core. 

Protein  Sci.  7:  p.116,  Abst.  361-  (1998) 

REPORTABLE  OUTCOMES: 

•  Research  Articles  and  Abstracts 

1.  Yao,  Y .  ,  Ferrer-Montiel ,  A.V.F.,  Montal,  M.,  and  Tsien, 
R.Y.  Activation  of  store-operated  calcium-current  in 
Xenopus  oocytes  requires  SNAP-25  but  not  a  diffusible 
messenger.  Cell  98:475-485  (1999) 

2. M.  Montal.  Electrostatic  attraction  at  the  core  of 
membrane  fusion.  FEBS  Lett.  447:  129-130  (1999). 

3.  J.  M.  Canaves  and  M.  Montal.  Assembly  of  a  Ternary 
Complex  by  the  Predicted  Minimal  Coiled-coil-f orming 
Domains  of  Syntaxin,  SNAP-25,  and  Synaptobrevin .  A 
circular  dichroism  study.  J.  Biol.  Chem.  273:  34214-34221 
(1998). 

4  .  Apland,  J.P.,  Biser,  J.A.,  Adler,  M.,  Ferrer-Montiel, 
A.V.,  Montal,  M.  and  Filbert,  M.G.  Peptides  composed  of 
carboxy-terminal  domains  of  SNAP-25  block  acetylcholine 
release  at  an  Aplysia  synapse.  Soc.  Neurosci .  Abstr.  24 
(Part  1)  73,  35.1  (1998) . 

5.  Yao,  Y.,  Ferrer-Montiel,  A.V.,  Montal,  M.,  and  Tsien, 
R.Y.,  Botulinum  neurotoxin  A  inhibits  capacitative  Ca2+ 
influx  but  not  Ca2+  release  in  Xenopus  oocytes.  Soc. 
Neurosci.  Abstr.  24  (Part  2)  2030,  812.4  (1998). 

6.  Ferrer-Montiel,  A.V.,  J.M.  Merino,  R.  Planells-Cases ,  W. 

Sun  and  M.  Montal.  Structural  determinants  of  the  blocker 
binding  site  in  glutamate  and  NMDA  receptor 
channels .Neuropharmacology  37:139-147.  (1998). 

7.  Encinar,  J.A.,  Fernandez,  A.,  Ferragut,  J.A.,  Gonzalez- 
Ros,  J.M.,  DasGupta,  B.R,  Montal,  M,  and  Ferrer-Mont iel- 
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A.  Structural  stabilization  of  botulinum  neurotoxins  by- 
tyrosine  phosphorylation.  FEBS  Lett.  429:78-82  (1998) 

8.  Byrne,  M.P.,  Montal,  M.,  Canaves,  J.  and  Lebeda,  F.J. 
Conformational  changes  of  a  channel  forming  peptide  from 
the  translocation  domain  of  botulinum  neurotoxin  as 
detected  by  circular  dichroism.  Protein  Sci.  7:  p.116, 
Abst.  361-T  (1998) 

9 .  Apland,  J.P.,  Biser,  J.A.,  Adler,  M.  Ferrer-Mont iel , 
A . V .  ,  Montal,  M.  ,  and  Filbert,  M.G. Peptides  that  mimic 
the  carboxy- terminal  domain  of  SNAP-25  block 
acetylcholine  release  at  an  Aplysia  synapse.  Biosci.  Rev. 
p.  184  (1998) 

1 0 .  Ferrer-Montiel ,  A.V.,  Oblatt-Montal ,  M.  ,  Canaves,  J.  , 

and  Montal,  M.  Botulinum  neurotoxins:  Modulation  of 
protease  and  channel  activities  by  tyrosine 
phosphorylation.  Biosci.  Rev.  p.190  (1998) 

11 .  Ferrer-Montiel,  A.V.,  Gutierrez,  L.M.,  Apland,  J.P., 
Canaves,  J.M.,  Gil,  A.,  Viniegra,  S.,  Biser,  J.A.,  Adler, 
M.  and  Montal,  M.  The  26-mer  peptide  released  from  SNAP- 
25  cleavage  by  botulinum  neurotoxin  E  inhibits  vesicle 
docking.  FEBS  Lett.  435:84-88  (1998) 

•  Presentations: 

1)  Blanes-Mira,  C.,  Gil,  A.,  Llobregat,  M.,  Fernandez- 

Ballester,  G.,  Planells-Cases ,  R. , Perez-Paya,  E., 

Canaves,  J.  ,  Gutierrez,  L.M.,  Montal,  M.  and  Ferrer- 
Montiel,  A.  Modulation  of  SNAP-25-Syntaxin-VAMP  complex 
formation  and  stability  by  small  peptides.  Annual  Meeting 
of  the  Spanish  Biophysical  Society.  Alicante,  Spain 
(1998). 

2) Apland,  J.P.,  Biser,  J.A.,  Adler,  M.  Ferrer-Montiel, 
A.V.,  Montal,  M.  ,  and  Filbert,  M.G. Peptides  that  mimic 
the  carboxy- termina 1  domain  of  SNAP-25  block 
acetylcholine  release  at  an  Aplysia  synapse.  U.S.  Army 
Medical  Defense  Bioscience  Review.  Hunt  Valley,  Maryland, 
31  May-4  June,  1998. 

3)  Ferrer-Montiel,  A.V.,  Oblatt-Montal,  M. ,  Canaves,  J. ,  and 
Montal,  M.  Botulinum  neurotoxins:  Modulation  of  protease 
and  channel  activities  by  tyrosine  phosphorylation.  U.S. 
Army  Medical  Defense  Bioscience  Review.  Hunt  Valley, 
Maryland,  31  May-4  June,  1998. 
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4) Lebeda,  F.J.,  Montal,  M.,  Singh,  B.R.  and  Byrne,  M. 
Structural  characteristics  of  a  23-mer  channel  forming 
peptide  from  botulinum  neurotoxin  type  A.  Interagency 
Botulism  Research  Coordinating  Committee  (IBRCC) . 
Philadelphia,  Pennsylvania,  November,  1998. 

5)  Montal,  M.  Modulation  of  botulinum  neurotoxin  protease 
activity  by  tyrosine  phosphorylation.  Interagency  Botul 
ism  Research  Coordinating  Committee  (IBRCC) .  Orlando, 
Florida  November,  1999. 

•  Patents  and  licenses  applied  for  and/or  issued: 

U.S.  Patent  Application  No.  08/819,286. 

Title:  PEPTIDE  INHIBITORS  OF  NEUROTRANSMITTER  SECRETION  BY 
NEURONAL  CELLS. 

Filing  Date,  March  18,  1997. 

Inventors:  Mauricio  Montal,  Antonio  Ferrer-Mont iel  and 
Jaume  Canaves. 

University  of  California  Reference:  SD  96-088 

•  Degrees  obtained:  Not  applicable. 

•  Development  of  cell  lines:  In  progress. 

•  Informatics:  Not  applicable. 

•  Funding  applied  for  based  on  work  supported  by  this 
award:  Not  applicable. 

•  Employment  or  research  opportunities  based  on  this  award: 
Not  applicable. 

CONCLUSIONS 

The  thrust  of  this  program  aims  to  identify  the  role  of  the 
channel-forming  domain  of  the  HC  in  the  intoxication 
process  and,  ultimately,  to  provide  a  potential  target  for 
drug  intervention  in  the  management  of  botulism  based  on 
the  development  of  BoNT-specif ic  channel  blockers.  The 
contribution  of  the  cleavage  products  of  BoNTs  activity  on 
their  substrates  to  the  global  intoxication  efficacy  is 
also  evaluated.  A  patent  application,  resulting  from  this 
analysis,  has  been  submitted:  it  embodies  the  concept  that 
the  peptide  products  of  substrate  proteolysis  by  BoNTs  can 
be  developed  into  lead  compounds  acting  as  practical 
inhibitors  of  neurotransmitter  secretion.  Considerable 
progress  has  been  achieved  in  both  fronts  of  the  program, 
as  summarized  in  the  BODY  of  the  report  and  ascertained  by 
the  published  work.  Outstanding  issues  remain  to  be 
delineated  concerning  the  molecular  events  involved  in  the 
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translocation  of  the  LC  across  membranes  and  the  role  of 
the  HC  in  the  process.  Similarly,  expansion  of  the 
repertoire  of  ESUP  sequences  and  their  efficacy  as 
inhibitors  of  neurosecretion  in  cells  remains  to  be 
realized.  It  is  anticipated  that  this  concerted  and  focused 
program  will  uncover  lead  compounds  that  may  be  developed 
into  selective  drugs  targeted  to  prevent,  attenuate  or 
relieve  the  neurotoxic  action  of  BoNT. 
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APPENDICES 
APPENDIX  1 

Primer  sets  used  in  cloning: 

•  ESUPsense  and  antisense,  designed  by  Rosa  Planells-Cases , 
used  to  PCR  TOPO  clone  the  36aa  C-terminus  of  SNAP-25 
(E36)  into  pCDNA3 . 1/CTGFP-TOPO,  unfused.  The  substrate 
used  for  PCR  cloning  of  SNAP-25  fragments  was  either  the 
human  SNAP-25  clone  in  pGEM  vector  provided  by  Michael 
Wilson  or  the  ESUP  clones  generated  by  Rosa  Planells- 
Cases  in  pCINeo. 

ESUPsense:  5 ' -GGGGAATTCATGGATACACAGAATCGC-3 '  contains  an 

EcoRI  site  as  well  as  a  start  codon.  This  codes  for  . 

ESU Pant i sense  :  5 ' -CCCGGGTCGAC  TTAACCACTTCCCAGCATG- 3  ' 

contains  Smal  and  Sail  site  as  well  as  a  stop  codon. 
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•  ESUPForXhol  and  ESUPRevX,  designed  by  Natalie  Gude,  used 
to  TOPO  clone  E26  into  pCR3. 1-Uni,  unfused. 

ESUPForXhol:  5 ' -CTCGAGATGATCATGGAGAAGGCTG-3 '  contains  Xhol 

site  and  start  codon.  Note  there  are  two  possible  start 
sites,  the  second  of  which  may  have  a  better  Kozak 
sequence . 

ESUPRevX:  5 ' -AGATCT TTAACCACTTCCCAGC-3 '  contains  a  stop 

codon. 

•  ESUP25For,  ESUP36For,  ESUPRevFuse,  designed  by  Natalie 
Gude,  used  to  TOPOclone  E25  and  E36,  respectively,  into 
pCDNA3 . 1/CTGFP-T0P0  fused  to  the  GFP  tag.  Note  that  none 
of  these  primers  contain  restriction  sites. 

ESUP25For:  5 1 -GATCATGGAGAAGGCTGATTCC-3 '  contains  a  start 

codon  and  Kozak  sequence  recommended  by  Invitrogen.  Also 
included  is  a  5 ' -G  to  optimize  addition  of  the  A  overhang 
required  in  PCR  cloning. 

ESUP36For:  5 ' -GATCATGGATACACAGAATCGC-3 '  contains  the  same 

features  as  ESUP25For. 

ESUPRevFuse:  5 ' -GACCACTTCCCAGCATCTTTG-3 '  lacks  a  stop 

codon  and  also  incorporates  an  extra  residue  in  order  to 
provide  in  frame  fusion  to  the  GFP  tag. 

•  LCAFor2  and  LCARev2,  designed  by  Natalie  Gude,  used  to 
TOPO  clone  the  LCA  into  pDNA3 . 1/CTGFP-T0P0,  unfused.  The 
substrate  used  was  LCA  in  pTrcHisA  provided  by  Marite 
Bradshaw  and  Eric  Johnson  (University  of  Wisconsin) .  A 
primer  allowing  fusion  to  the  GFP  tag  will  be  designed. 

LCAFor2 :  5 ' -ATGCCATTTGTTAATAAAC-3 '  contains  a  start  codon 

and  no  restriction  sites. 

LCARev2 :  5  '  - TTATCACTTATTGTATCCTTTATC-3 '  contains  two  stop 

codons  and  no  restriction  sites. 

•  LCEFor,  LCERevStop  and  LCERevFuse,  designed  by  Natalie 
Gude,  used  to  TOPO  clone  the  LCE  into  pCDNA3 . 1/CTGFP-T0P0 
either  unfused  (Stop)  or  fused  (Fuse) .  The  substrate 
used  was  LCE  in  pCMV5  provided  by  H.  Niemann  (Hannover, 
Germany) . 

LCEFor:  5'  - GGT ACCCGGGG ATCATG C C  -  3 '  contains  a  start  codon, 

partial  Kozak  sequence,  a  5'G  recommended  for  PCR  cloning. 
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Restriction  sites  included  from  the  substrate  include  Kpnl 
and  Smal . 


LCERevStop :  5'  -GC  TTACCTTATGCCTTTTAC-3'  contains  a  stop 

codon  and  a  5'G. 

LCERevFuse:  5'  -GCCTTATGCCTTTTACAG-3'  does  not  contain  an 

in-frame  stop  codon  and  has  a  5'G. 

APPENDIX  2 

Current  inventory  of  clones  designed  for  this  program: 
SNAP-25  in  pEGEM 
ESUP  in  pCINeo 

ESUP36  in  pCDNA3 . 1/CTGFP-T0P0  unfused 
ESUP36  in  pCDNA3 . 1/CTGFP-T0P0  fused 
ESUP25  in  pCDNA3 . 1/CTGFP-T0P0  fused 
ESUP26  in  pCR3. 1-Uni 
LCA  in  pTrcHisA 

LCA  in  pCDNA3 . 1/CTGFP-T0P0  unfused 
LCA  in  pIND/V5/His  unfused 
LCE  in  pBN17 
LCE  in  pCMV5 

LCE  in  pCDNA3 . 1/CTGFP  unfused 
LCE  in  pCDNA3. 1/CTGFP  fused 

APPENDIX  3 

Vector  Maps: 

pcDNA3 . 1//CTGFP-T0P0  Invitrogen 
pIND/V5-His-T0P0  Invitrogen 
PCR'  3.1-Uni  Invitrogen 
pTrcHisA,  B,  C  Invitrogen 
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Vector  Maps 


Comments  for  pcDNA3.1/CTGFP-TOPO 
6157  nucleotides 

CMV  promoter:  bases  205-&63 
T7  promote t.’priming  ste:  base®  863-882 
Muftipla  cloning  site:  bases  908-1012 
TO PO,M  Cloning  site:  bases  953-954 
GFP  Reverse  priming  site:  bases  1115-1136 
GFP  ORF:  bases  1004-1723 

pcDNA3.1.'BGH  reverse  priming  site:  bases  1 745-1 7S2 
BGH  pdyadenylafwn  sequence:  bases  1748-1975 
fl  origin  of  replication:  bases  2021-2449 
SV4D  promoter  and  origin:  bases  2477-2785 
Neomycin  resistance  gene:  bases  2860-3654 
SV4Q  polyactenytatiun  sequence:  bases  3830-3900 
CotEI  origin:  bases  43-13-501 6  (opposite  strand) 

Amplcilltn  resistance  gene:  bases  5161 -6021  (opposite  strand) 


Please  note  that  pcDN:A3.1/CTCFP.T0P0 
is  suppli  ed  lineanzed  between  bp  963  and  964. 
This  is  the  T0P0™  Cloning  site. 


Tlw  sequence  i:4  pcDNA3  f/CTGFP-TOPO  has  been  compiled  from  information  in  sequence  databases, 
publiahtkj  sequences,  and  other  sources.  Portions  of  this  vector  have  net  yet  been  completely  sequenced 
If  you  suspect  an  error  in  the  sequence,  please  contact  Invitrorjen’s  Technical  Service  Department  at 
800-955*6288. 
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Comments  tor  piNRVs- His TOPO 

Gl24nudeotides 

Ecdysone.^fucoecrticoid  Response  Elements  (Sx  EffiREs):  bases  12-t 6S 
Minimal  Heal  Shock  Promoter  and  S’  tfTR:  bases  182-486 
Putative  Transcriptional  Start:  base  246 
Ecdysone  Forward  priming  site:  bases  440-483 
Multiple  Cloning  Site:  bases  46*7-620 
TOPO™  Cloning  site:  bases  654-558 
VS  epitope:  bases  821-662 
Polyhistidine  tag:  bases  872-869 
pcDNAS.l.-BGH  Reverse  priming  she:  bases  ?12-?2B 
BGH  poiyadenylation  sequence:  bases  MS-942 
tl  origin:  bases  9B8-1416 
SV40  promoter  and  origin:  bases  1468-17S2 
Neomycin  resistance  gene  OflF:  bases  1827-2821 
SV40  poiyadenylation  sequence:  bases  2*797-2027 
ColEl  origin:  bases  3310-3983 
Ampcilltn  resistance  gene  ORF:  bases  41 26-4988 


Note:  The  vector  Is  supplied  linearized  between  base 
pair  554  and  555.  This  Is  the  TOPO™  Cloning  site. 


The  sequence  ot  plNO.-V5-ttls-TOPO  has  been  compiled  from  iroormatlon  in  sequence  databases,  published 
sequences,  and  other  sources.  These  vectors  have  not  been  completely  sequenced.  It  you  suspect  an  error  in 
the  sequences,  please  contact  Invilrogan's  Technical  services  uepanmert 
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Comment*  for  pTreHrs  B; 

4404  nucleotides 

Trc  promoter:  bases  191-321 

lac  operator:  bases  225-248 

rrnB  antitermination  sequences:  bases  284-393 

T7  sene  10  franslaticnal  enhancer:  base®  348-954 

Ribosome  binding  site:  bases  370-774 

Mini-cis Iron;  bases  383-403 

PolyHte  and  entetokjnase  cleavage  site:  bases  414-504 

Multiple  daring  site:  bases  515-554 

Ampidllin  resistance  ORF;  bases  1074-1934 

las  P  ORF:  bases  3408-4385 
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Activation  of  Store-Operated  Ca2+  Current 
in  Xenopus  Oocytes  Requires  SNAP-25 
but  Not  a  Diffusible  Messenger 


Yong  Yao,*  Antonio  V.  Ferrer-Montiel.tll 
Mauricio  Montal.t  and  Roger  Y.  Tsien*^ 
‘Department  of  Pharmacology 
t  Department  of  Biology 
♦  Howard  Hughes  Medical  Institute 
University  of  California,  San  Diego 
La  Jolla,  California  92093-0647 


Summary 

Depletion  of  Ca2+  stores  in  Xenopus  oocytes  activated 
entry  of  Ca2+  across  the  plasma  membrane,  which  was 
measured  as  a  current  lsoC  in  subsequently  formed 
cell-attached  patches.  lSoc  survived  excision  into  in- 
side-out  configuration.  If  cell-attached  patches  were 
formed  before  store  depletion,  lSoc  was  activated  out¬ 
side  but  not  inside  the  patches.  I^c  was  potentiated 
by  microinjection  of  Clostridium  C3  transferase,  which 
inhibits  Rho  GTPase,  whereas  Isoc  was  inhibited  by 
expression  of  wild-type  or  constitutively  active  Rho. 
Activation  of  Isoc  was  also  inhibited  by  botulinum  neu¬ 
rotoxin  A  and  dominant-negative  mutants  of  SNAP- 
25  but  was  unaffected  by  brefeldin  A.  These  results 
suggest  that  oocyte  Isoc  is  dependent  not  on  aqueous 
diffusible  messengers  but  on  SNAP-25,  probably  via 
exocytosis  of  membrane  channels  or  regulatory  mole¬ 
cules. 

Introduction 

Ca2+  influx  across  the  plasma  membrane  can  be  acti¬ 
vated  by  depletion  of  intracellular  Ca2+  stores  in  many 
nonexcitable  cells,  and  it  is  important  in  activation  of 
lymphocytes,  exocytosis  of  mast  cells,  and  other  Ca2+- 
dependent  physiological  events  (for  recent  reviews,  Ber- 
ridge,  1 995;  Lewis  and  Cahalan,  1 995;  Favre  et  al.,  1 996; 
Parekh  and  Penner,  1 997;  Holda  et  al.,  1 998;  Putney  and 
McKay,  1 999).  The  mechanism  by  which  such  “capacita- 
tive”  Ca2+  entry  is  activated  remains  controversial.  Major 
proposals  include  direct  interaction  (“conformational 
coupling”)  between  proteins  in  organellar  and  plasma 
membranes  (Berridge,  1 995),  diffusible  messengers  or 
calcium  influx  factors  (CIFs)  generated  by  store  deple¬ 
tion  (Parekh  et  al.,  1993;  Randriamampita  and  Tsien, 
1 993;  Csutora  et  al.,  1 999),  metabolites  of  phosphoinosi- 
tides,  phosphorylation  cascades,  heterotrimeric  or  small 
G  proteins  (Bird  and  Putney,  1 993;  Fasolato  et  al.,  1 993), 
and  exocytotic  insertion  of  vesicular  channels  into  the 
plasma  membrane.  Previous  arguments  for  exocytosis 
have  included  inhibition  of  capacitative  Ca2+  entry  by 
intracellular  GTP7S  (Bird  and  Putney,  1 993;  Fasolato  et 
al.,  1993),  primaquine  (Somasundaram  et  al.,  1995),  and 
the  actin-depolymerizing  drug  cytochalasin  D  (Holda 

§To  whom  correspondence  should  be  addressed  (e-mail:  rtsien® 
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and  Blatter,  1 997).  Each  of  these  observations  is  contro¬ 
versial.  Petersen  and  Berridge  (1 995)  and  Gregory  and 
Barritt  (1996)  showed  that  the  GTP7S  inhibition  of  Ca2+ 
influx  into  oocytes  could  be  prevented  by  staurosporine. 
They  concluded  that  the  GTP7S  effect  was  mediated 
via  stimulation  of  kinases.  The  effect  of  primaquine  has 
been  reinterpreted  as  direct  inhibition  of  the  Ca2+  influx 
channels  (Gregory  and  Barritt,  1996).  Cytochalasin  D 
has  no  effect  on  capacitative  Ca2+  entry  in  NIH3T3  cells, 
even  though  it  blocks  agonist-dependent  Ca2+  release 
(Ribeiro  et  al.,  1997).  Furthermore,  none  of  these  phar¬ 
macological  interventions  is  particularly  diagnostic  for 
exocytosis  or  takes  advantage  of  our  increased  under¬ 
standing  of  the  macromolecules  involved  in  membrane 
trafficking.  Unfortunately,  the  channels  that  mediate  ca¬ 
pacitative  Ca2+  influx  have  not  yet  been  definitively  iden¬ 
tified  at  the  molecular  level. 

This  study  began  as  a  reexamination  of  the  diffusible 
messenger  hypothesis.  Channels  gated  directly  by  dif¬ 
fusible  messengers  should  be  activatable  in  cell-attached 
configuration,  lost  in  excised  patches,  and  reactivated 
upon  cramming  those  inside-out  patches  into  the  cyto¬ 
sol  of  preactivated  cells,  as  first  shown  for  cyclic-nucleo- 
tide-gated  cation  channels  by  Kramer  (1 990).  Parekh  et 
al.  (1993)  reported  analogous  behavior  for  capacitative 
Ca2+  entry  into  Xenopus  oocytes,  though  Ca2+  entry  was 
not  directly  monitored  but  only  surmised  from  currents 
of  uncertain  ionic  basis.  Recently,  we  showed  that  store- 
operated,  capacitative  Ca2+  currents  (lSOc)  into  whole 
oocytes  could  be  directly  measured  by  buffering  cyto¬ 
solic  Ca2+  to  prevent  secondary  currents,  perfusing  ex- 
tracellularly  with  isotonic  Ca2+  and  Mg2+  alternately,  and 
quantitating  the  difference  in  currents  (Yao  and  Tsien, 
1997).  We  have  now  extended  this  protocol  to  cell- 
attached  and  excised  patches,  hoping  to  solidify  the 
evidence  of  Parekh  et  al.  (1 993)  for  a  diffusible  messen¬ 
ger.  In  addition,  inside-out  patches  would  be  useful  on¬ 
line  detectors  for  the  diffusible  messengers)  and  would 
facilitate  chromatographic  purification  and  chemical 
identification.  To  our  surprise,  our  patch-clamp  findings 
(see  Results)  argued  against  simple  mechanisms  involv¬ 
ing  reversible  binding  of  diffusible  messengers. 

We  therefore  sought  experimental  approaches  that 
would  be  more  diagnostic  for  an  exocytotic  coupling 
mechanism  than  those  employed  previously.  We  tried 
modulation  of  the  small  G  protein  Rho,  because  Clostrid¬ 
ium  botulinum  C3  transferase,  which  specifically  inacti¬ 
vates  Rho  through  ADP  ribosylation  of  Rho  at  Asn-41 , 
was  shown  to  increase  insertion  of  the  insulin-sensitive 
glucose  transporter  GLUT4  into  the  plasma  membrane 
in  3T3-L1  adipocytes  (Van  den  Berghe  et  al.,  1 996).  C3 
transferase  also  increases  membrane  capacitance  and 
extemalization  of  sodium  pumps  in  Xenopus  oocytes,  pos¬ 
sibly  by  blockade  of  constitutive  endocytosis  (Schmalzing 
et  al.,  1995). 

We  tested  botulinum  neurotoxins  (BoNTs),  a  group  of 
zinc  endoproteases  produced  by  bacteria  of  the  genus 
Clostridium,  because  they  display  specific  activity  for  a 
triad  of  protein  components  of  the  exocytic  apparatus: 
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Figure  1 .  Blockade  of  Activation  of  Store- 
Operated  Ca2+  Influx  by  Gfi  Sealing  Procedure 

(A)  Ca2+  release  activated  Ca2+  influx  in  oo¬ 
cyte  recorded  with  two-electrode  voltage 
clamp.  Ca2+  influx  was  monitored  by  switch¬ 
ing  bath  from  Mg70  to  Cal  0  where  indicated 
by  heavy  bars.  Dotted  lines  in  this  and  subse¬ 
quent  panels  indicate  zero  current  levels. 
(Ba)  Ca2+  release  failed  to  activate  Ca2+  influx 
in  preformed  cell-attached  giant  patch.  Solu¬ 
tion  inside  patch  pipette  was  alternately 
changed  between  Mg70  and  Ca30  Ringer. 
(Bb)  A  new  cell-attached  giant-patch  re¬ 
cording  was  made  about  17  min  after  lnsP3 
injection  from  the  same  oocyte.  Note  that  the 
Ca2+  influx  was  recorded  now  in  the  patch 
formed  after  activation  of  the  capacitative 
Ca2+  influx.  lnsP3  (2  mM  of  25  nl)  was  injected 
in  both  recordings  from  whole  oocyte  and 
patch  as  indicated  by  arrow  heads  in  (A)  and 

(B) .  Voltage  ramps  were  repetitively  applied 
during  the  patch  recording  to  monitor  the  l-V 
curve.  The  corresponding  transient  currents 
have  been  blanked  for  clarity. 

(C)  I ci.ca  was  elicited  by  uncaging  caged  lnsP3 
in  a  cell-attached  giant  patch.  Oocyte  had 
been  loaded  with  30  nl  of  1 0  mM  caged  lnsP3. 

(D)  Deactivation  of  store-operated  Ca2+  influx  in  cell-attached  giant  patches  from  lnsP3-loaded  oocytes.  Ca2+  influx-induced  lclc>  was  measured 
at  Vm  =  +50  mV  and  normalized  to  the  first  current  amplitude.  Data  from  five  patch  recordings  were  plotted  against  the  time  after  first  exposure 
to  Ca30,  among  which  three  were  made  subsequently  from  a  same  oocyte.  The  smooth  curve  was  a  single  exponential  fit  with  a  decay  time 
constant  of  around  2  min. 
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a  vesicle-associated  membrane  protein  (VAMP  or  syn- 
aptobrevin),  and  two  plasma  membrane-attached  pro¬ 
teins,  SNAP-25  and  syntaxin  (Montecucco  and  Schiavo, 

1995) .  BoNT  B,  D,  F,  and  G  recognize  and  cleave  VAMP 
specifically.  BoNT  A  and  E  cleave  SNAP-25  specifically. 
BoNT  Cl  cleaves  syntaxin.  Binding  of  VAMP  to  syntaxin 
is  facilitated  by  SNAP-25,  which  leads  finally  to  fusion  of 
vesicles  with  plasma  membrane  (Calakos  and  Scheller, 

1 996) .  BoNTs  are  widely  used  to  block  regulated  exo- 
cytosis  in  secretory  cells.  Finally,  dominant-negative 
mutants  of  SNAP-25  provided  a  molecularly  indepen¬ 
dent  confirmation  of  the  BoNT  A  results.  The  combined 
results  argue  that  SNAP-25  and  presumably  mem¬ 
brane  trafficking  play  essential  roles  in  the  activation  of 
oocyte  Isoc. 

Results 

Prior  Gigaseal  Formation  Prevents  Store  Depletion 
from  Activating  Ca2+  Entry  inside  but  Not 
outside  the  Patch 

As  well-established  in  two-electrode  voltage  clamp  re¬ 
cording  (Yao  and  Tsien,  1 997),  Ca2+  release  due  to  injec¬ 
tion  of  lnsP3  invariably  led  to  Ca2+  influx,  which  caused 
aCa2+-activated  Cl  -  current  la,ca  whenever  external  Ca2+ 
was  present  (solid  horizontal  bars  in  Figure  1A).  In  these 
cells,  we  did  not  inject  Ca2+  chelators  to  buffer  cytosolic 
Ca2+,  so  that  lCi.ca  could  be  a  maximally  sensitive  monitor 
of  Ca2+  entry.  In  contrast,  when  currents  were  recorded 
in  cell-attached  giant  patches,  injection  of  a  saturating 
dose  of  lnsP3  activated  only  a  transient  lCi,Ca  mediated 
by  Ca2+  release,  but  not  Ca2+  influx  (Figure  1  Ba,  typical 
of  10  of  11  patches).  Interestingly,  Ca2+  influx  could 
be  recorded  subsequently  in  cell-attached  patches  at 
different  spots  from  the  same  oocyte  (Figure  1  Bb).  This 


indicated  that  prior  formation  of  a  gigaohm  seal  blocked 
the  coupling  mechanism  between  store  depletion  and 
Ca2+  entry  within  the  pipette,  whereas  Ca2+  entry  outside 
the  pipette  activated  normally. 

In  a  separate  group  of  experiments,  TPEN  (Hofer  et 
al.,  1 998)  was  used  as  an  independent  activator  to  con¬ 
firm  the  above  curious  finding.  In  two-electrode  voltage 
clamp  recordings  from  whole  oocytes,  application  of  5 
mM  TPEN  induced  Ca2+  influx-mediated  lCi,Ca  of  200  to 
600  nA  in  10  mM  extracellular  Ca2+.  This  much  whole¬ 
cell  current  should  give  31-94  pA  lCi,Ca  in  giant  patches 
of  30  |j.m  diameter  given  the  ratio  of  giant-patch  to 
whole-cell  areas,  1/6400.  However,  there  was  no  detect¬ 
able  Ca2+  influx-mediated  lCi,Ca  in  12  of  14  cell-attached 
giant  patches  under  similar  stimuli  measured  with  pi¬ 
pettes  filled  with  10  mM  Ca2+.  In  the  remaining  two 
patches,  the  lc,iCa  mediated  by  Ca2+  influx  was  only  -3 
and  -5  pA,  approximately  one  order  of  magnitude  less 
than  predicted  from  the  ratio  of  membrane  areas.  This 
result  confirmed  that  most  cell-attached  giant  patches 
did  not  respond  to  stimuli  that  normally  activate  store- 
operated  Ca2+  influx. 

The  plasma  membrane  in  cell-attached  patches  was 
visibly  somewhat  invaginated  into  the  patch  pipette,  as 
is  common  in  patch  clamping  (Sokabe  and  Sachs,  1 990). 
To  estimate  the  diffusional  distance  between  the  stores 
and  plasma  membrane  patch,  oocytes  were  loaded  with 
caged  lnsP3,  and  the  latency  of  la,ca  in  giant  patches 
after  UV  flash  was  measured  (Figure  1 C).  This  latency 
resulted  mainly  from  the  delay  time  of  lnsP3-evoked  Ca2+ 
release  plus  time  for  Ca2+  to  diffuse  from  the  stores  to 
plasma  membrane  (Parker  and  Ivorra,  1 993).  Hot  spots 
of  lnsP3-evoked  Ca2+  release  are  normally  located  about 
5  |i,m  deep  under  the  plasma  membrane  in  oocytes  (Yao 
et  al.,  1995).  This  distance  (d)  corresponds  well  with  30 
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ms  latency  (t)  between  the  Ca2+  fluorescence  signal  and 
lci,c„  a  Ca2+  diffusion  coefficient  (D)  of  140  p,m2s_1,  and 
the  equation  d2  =  6Dt  (Allbritton  et  al.,  1992;  Parker 
and  Ivorra,  1 993).  The  latency  of  la,0a  in  giant  patches 
after  UV  uncaging  of  lnsP3  was  210  ±  30  ms  (n  =  3). 
This  7-fold  increase  in  latency  corresponds  to  a  mean 
effective  distance  of  1 3  p,m  between  stores  and  plasma 
membrane.  The  modest  increase  in  distance  from  5  to 
1 3  p.m  should  not  be  enough  to  prevent  diffusion  of  a 
small  molecule  activator. 

Maintenance  of  Store-Operated  Ca2+  Influx  in  Whole 
Cells,  Cell-Attached,  and  Excised  Patches 
When  oocytes  were  injected  with  a  saturating  dose  of 
lnsP3,  about  0.2  mM,  the  Ca2+  influx  assayed  by  two- 
electrode  voltage  clamp  recording  of  lCi,oa  or  whole-cell 
recording  of  lSOc  lasted  >0.5  hr.  However,  once  a  patch 
was  formed  on  an  activated  cell,  lCi,Ca  measured  from 
the  enclosed  patch  as  the  difference  of  currents  with 
30  mM  versus  0  Ca2+  in  the  pipette  declined  with  a  time 
constant  of  about  2  min.  Figure  1  Bb  shows  one  example, 
while  Figure  ID  shows  the  pooled  data  from  five  re¬ 
cordings.  This  decay  probably  represented  unmasking 
of  deactivation  after  gigaseal  formation  had  blocked  any 
further  activation  within  the  patch. 

The  above  experiments  were  performed  with  la,Ca  as 
the  most  sensitive  index  of  Ca2+  entry  to  maximize  its 
likelihood  of  detection  within  the  patch.  We  were  also 
able  to  detect  the  much  smaller  Ca2+  current  itself,  lSOc, 
in  similar  patches  if  cytosolic  Ca2+  was  well  buffered  by 
EGTA  injection  and  store  depletion  preceded  gigaseal 
formation  (Figure  2A).  The  intrapipette  solution  was  per¬ 
fused  alternately  with  70  mM  Mg2+  (Mg70)  and  70  mM 
Ca2+  (Ca70),  and  the  difference  of  currents  lCa7o  -  Wo 
was  taken  as  lSOc  (Yao  and  Tsien,  1997).  In  average,  lSOc 
measured  in  cell-attached  giant  membrane  patches  was 
-22.1  ±  2.7  pA  (n  =  32)  in  oocytes  depleted  with  iono- 
mycin,  versus  -3.6  ±  0.5  pA  (n  =  13)  from  control  oo¬ 
cytes.  The  amplitude  of  lSOc  in  preactivated  patches  cor¬ 
responded  well  with  that  predicted  from  1/6400  of  the 
area  of  a  whole  oocyte.  Ramp  current  traces  a  and  b 
were  obtained,  respectively,  in  Mg70  and  Ca70  (Figure 
2Ba)  and  showed  an  l-V  relation  similar  to  that  measured 
in  whole  oocytes  with  two-electrode  voltage  clamp  (Yao 
and  Tsien,  1997). 

After  excision  of  the  patch  into  a  mock  intracellular 
Ringer  with  0  Ca2+  and  5  mM  EGTA,  lsoc  was  constant 
or  increased  with  time  (Figure  2A)  in  1 2  out  of  1 5  patches, 
unlike  the  rapid  decay  of  Ca2+  entry  in  patches  left 
attached  to  unbuffered  cells  (Figures  1  Bb  and  1 D).  In  the 
other  three  patches,  lSoc-like  current  decayed  to  baseline 
after  a  few  minutes.  On  average,  this  inward  current  was 
sustained  for  at  least  4  min  after  patch  excision  (Figure 
2C).  In  our  longest  recording,  lasting  8  min  after  excision, 
lsoc  was  sustained  throughout.  lSOc  in  excised  patches 
was  larger  and  noisier  at  negative  membrane  potentials 
but  otherwise  had  much  the  same  l-V  relationship  (Fig¬ 
ure  2Bb)  as  before  excision.  To  verify  that  the  former 
cytosolic  face  of  the  patch  was  truly  exposed  to  the 
bath,  the  external  solution  was  briefly  switched  to  a 
buffer  with  0.2  p-M  [Ca2+],  which  activated  lCi,Ca  as  ex¬ 
pected  (Figure  2A  shaded  bar  and  l-V  relation  in  Figure 
2Bc).  In  oocytes  without  ionomycin  incubation,  the  re¬ 
sidual  currents  measured  by  the  usual  protocol  (lCa7o  - 
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Figure  2.  Survival  of  lsoc  in  Inside-Out  Giant  Patches 

(A)  Store-operated  Ca24  current  in  cell-attached  and  inside-out  giant 
patch.  Oocyte  was  treated  with  ionomycin  and  injected  with  EGTA 
before  patching.  Pipette  solution  was  alternately  perfused  with 
Mg70  (indicated  with  open  bar)  and  Ca70  (solid  bar).  Voltage  ramps 
were  applied  periodically  to  obtain  the  l-V  curves  shown  in  (B).  The 
evoked  current  transients  have  been  blanked  for  clarity. 

(B)  l-V  curves  were  obtained  respectively  in  Mg70  and  Ca70  in  cell- 
attached  patch  (measured  at  time  a  and  b  in  [A];  shown  in  [Ba]), 
and  in  inside-out  patch  (c  and  d  in  [Bb]).  Ia,ca  was  activated  in  excised 
patch  by  a  transient  increase  of  bath  [Ca!+]  (e). 

(C)  Average  of  normalized  lsoc-like  current  after  patch  excision.  The 
number  in  parentheses  indicates  number  of  patch  recordings  made. 


Wo)  were  small  and  not  significantly  affected  by  exci¬ 
sion,  4.7  ±  0.7  pA  (n  =  6)  before  versus  4.8  ±  1 .0  pA 
(n  =  6)  after  excision. 

Thus,  seal  formation  on  the  outside  of  the  plasma 
membrane  inhibited  activation  of  new  lSOc  inside  the 
patch  but  allowed  preactivated  lSOc  to  continue;  mainte¬ 
nance  of  such  lsoc  did  not  require  presence  of  cytosolic 
substances  and  was  actually  enhanced  by  excision. 
These  results  suggest  that  activation  of  lsoc  is  rather 
localized,  sensitive  to  membrane  deformation,  and  un¬ 
likely  to  result  from  simple  diffusion  of  an  activator  mole¬ 
cule.  Furthermore,  activation  and  deactivation  seem  to 
be  separate  processes  not  linked  by  a  simple  equilib¬ 
rium,  because  different  orders  of  manipulation  can  give 
very  different  results. 
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Figure  3.  Isoc  Was  Potentiated  by  Injection  of  C3  Transferase  and 
Inhibited  by  Expression  of  Rho  A 

(A)  Isoc  was  induced  by  TPEN  5  mM  in  bath  (open  bars)  and  monitored 
by  switching  from  Mg70  to  Ba70  (solid  bars).  IS0C  evoked  by  TPEN 
was  rapidly  reversible.  Recordings  were  made,  respectively,  In  na¬ 
tive  oocyte  (Aa),  oocyte  1  hr  after  injection  of  C3  transferase  0.4  |xM 
(Ab),  and  oocyte  6  hr  after  injection  of  20  ng  Rho  A  cRNA  (Ac). 

(B)  Summary  of  effects  on  lsoc  of  microinjected  C3  transferase,  expres¬ 
sion  of  wild-type  Rho  A,  and  its  constitutively  active  mutant  63L. 

Regulation  of  Store-Operated  Ca2+  Influx  by  Rho  A 
To  examine  whether  the  store-operated  Ca2+  influx  was 
affected  by  Rho,  C3  transferase  was  microinjected  into 
oocytes.  In  recordings  illustrated  in  Figure  3A,  Ba2+  cur¬ 
rent  was  measured  to  quantitate  effects  of  C3  and  Rho. 
Injection  of  Ca2+  chelators  was  omitted  because  activa¬ 
tion  of  lCi,ca  by  Ba2+  was  negligible.  lSoc  induced  by  5  mM 
TPEN  was  98  ±  9  nA  (n  =  9)  in  control  oocytes  and 
207  ±11  nA  (n  =  7)  in  oocytes  measured  about  1-2  hr 
after  injection  of  C3  (3  ng/oocyte,  or  1 20  nM  assuming 
uniform  distribution  in  1  |xl  cytosol),  an  increase  of 
2.1 -fold  (p  <  0.01).  In  complementary  experiments,  Rho 
A,  its  constitutively  active  mutant  (63L),  and  dominant¬ 
negative  mutant  (19N)  were  expressed  in  oocytes  by 
injection  of  20  ng  of  their  respective  cRNAs  about  5  hr 
before  recordings  started.  lSOc  was  42  ±  4  nA  (n  =  4)  in 
oocytes  expressed  with  wild-type  Rho  and  31  ±  6  (n  = 
6)  with  constitutively  active  mutant  (63L),  corresponding 
to  57%  (p  <  0.01)  and  68%  (p  <  0.01)  inhibition,  respec¬ 
tively  (Figure  3B).  Isoc  remained  unchanged  in  oocytes 
expressing  dominant-negative  mutant  19N  Rho  A,  sug¬ 
gesting  a  large  pool  of  endogenous  Rho  A  existed  to 
maintain  basal  activity.  Injection  of  C3  also  induced  an 
increase  of  membrane  capacitance.  Membrane  capaci¬ 
tance  increased  by  about  41  %  in  2  hr  after  injection  of  C3 
(3  ng/oocyte)  (n  =  7,  p  <  0.01).  In  contrast,  no  significant 
decrease  in  membrane  capacitance  was  found  to  ac¬ 
company  inhibition  of  lSoc  in  oocytes  expressed  with  wt 


Rho  (n  =  4)  and  63  L  Rho  (n  =  6).  Amplitude  of  lsoc 
activated  by  5  mM  TPEN  in  the  above  experiments  was 
about  half  of  the  maximum.  Maximal  lSOc  induced  by  a 
saturating  dose  of  ionomycin  (10  p,M)  was  also  en¬ 
hanced  about  46%  (n  =  9,  p  <  0.01)  by  C3  transferase. 
Oocytes  from  five  of  six  animals  showed  a  similar  extent 
of  potentiation  by  C3  transferase  but  not  in  the  remaining 
one  frog.  This  suggested  that  Rho  played  a  modulatory 
rather  than  an  indispensable  role  in  activation  of  lsoc- 

Because  one  of  the  many  effects  of  active  Rho  is 
to  promote  assembly  of  actin-myosin  filaments  (stress 
fibers),  we  examined  whether  the  potentiation  of  lSOc  by 
C3  might  simply  result  from  the  disruption  of  the  actin- 
myosin  assembly.  Oocytes  were  treated  with  cyto- 
chalasin  D  (20  fig/ml)  for  1 7  hr,  at  which  time  oocytes 
appeared  mottled  as  an  indication  of  actin  depolymer¬ 
ization  and  had  relative  low  input  resistance.  IS0C  was 
118  ±  14  nA  (n  =  7)  in  control  oocytes  and  93  ±  17  nA 
(n  =  7)  in  oocytes  treated  with  cytochalasin  D.  Thus, 
destruction  of  the  actin  cytoskeleton  by  cytochalasin  D 
slightly  reduced  lSOc>  probably  by  nonspecific  mecha¬ 
nisms  rather  than  mimicking  C3  transferase,  which 
greatly  potentiated  lSOc-  We  also  tried  5  |iM  jasplakino- 
lide,  which  solidifies  the  actin  cytoskeleton  (Shurety  et 
al.,  1 998).  Isoc  was  reduced  from  its  control  value  of  87  ± 
9.5  nA  (n  =  4)  to  64  ±  3  nA  (n  =  6)  during  drug  exposures 
of  0.5  or  2  hr,  which  were  equivalent.  This  small  reduction 
was  significant  at  the  p  =  0.026  level  and  was  in  the 
same  direction  as,  but  much  weaker  than,  the  complete 
inhibition  by  3  |xM  jasplakinolide  of  store-operated  Caz+ 
entry  in  cultured  mammalian  cells  (Patterson  et  al.,  1999 
[this  issue  of  Celf\). 

BoNT  A  Inhibits  Activation  of  Store-Operated 
Ca2+  Influx 

Preinjection  with  1 00  nM  BoNT  A  reduced  lsoc  by  about 
50%  (Figures  4Aa  and  4Ba)  without  any  effect  on  the 
inward  rectification  or  the  leak  current,  as  shown  by  the 
l-V  curves  in  Mg70  and  Ca70  (Figures  4Ab  and  4Bb). 
BoNT  A  also  reduced  Ca2+  influx-dependent  lciiCa  in¬ 
duced  by  ionomycin,  lnsP3,  and  TPEN  in  10  mM  Ca<,  by 
89%  (n  =  11,  p  <  0.01),  86%  (n  =  4,  p  <  0.01),  and  86% 
(n  =  6,  p  <  0.01),  respectively  (data  not  shown).  The 
more  dramatic  reduction  in  the  lCi,Ca  compared  to  lSoc 
probably  reflects  the  nonlinear  relation  of  the  former 
with  lSoc  (Yao  and  Tsien,  1997).  No  significant  change  in 
the  resting  potential,  input  resistance,  and  membrane 
capacitance  were  found  by  BoNT  A.  Also,  BoNT  A  did 
not  alter  the  lCi,0a  transients  elicited  by  ionomycin,  lnsP3, 
or  TPEN  in  calcium-free  medium,  showing  that  the  re¬ 
lease  of  Ca2+  from  stores  and  the  properties  of  laCa  were 
unaltered. 

The  kinetics  of  BoNT  A  action  are  shown  in  Figure 
4C.  The  inhibition  developed  with  an  apparent  single 
exponential  time  constant  of  1 .1  hr  and  reached  maxi¬ 
mum  about  4  hr  after  BoNT  A  administration.  Is00  was 
141  ±  9  nA  (n  =  9)  in  control  oocytes  and  72  ±  3  nA 
(n  =  7,  p  <  0.01)  in  oocytes  about  4  hr  after  injection 
of  BoNT  A.  The  inhibition  was  long-lasting  and  still  ap¬ 
parent  after  2  days.  In  a  separate  double-blind  experi¬ 
ment,  various  doses  of  BoNT  A  were  injected  into  oo¬ 
cytes.  Uoc  was  measured  4  to  7  hr  after  injection  of  20 
nl  BoNT  A  of  different  concentrations.  The  inhibition  of 
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Figure  4.  Inhibition  of  lSOc  by  BoNT  A 
Isoc  was  activated  by  5  jxM  ionomycin  fol¬ 
lowed  by  injection  of  EGTA  to  a  final  internal 
concentration  of  about  10  mM  and  was  re¬ 
corded  by  switching  from  Mg70  to  Ca70  (solid 
bars)  in  a  control  oocyte  (Aa)  and  an  oocyte 
injected  4  hr  earlier  with  1 00  nM  BoNT  A  (Ba). 
(Ab  and  Bb)  The  l-V  relations  obtained  in  Ca70 
(a)  and  Mg70  (b).  (C)  Kinetics  of  BoNT  A  ac¬ 
tion.  Isoc  was  activated  as  above  at  different 
times  after  injection  of  BoNT  A  100  nM.  The 
smooth  curve  was  the  best  fit  to  a  single  ex¬ 
ponential  decay  with  a  time  constant  of  1 .1 
hr.  Each  data  point  was  from  more  than  three 
oocytes.  (D)  Dose  dependence  of  BoNT  A  ac¬ 
tion.  Oocytes  were  injected  with  different 
concentrations  of  BoNT  A  as  indicated.  Re¬ 
cordings  were  made  4  to  7  hr  after  the  injec¬ 
tions.  Each  data  point  was  the  average  of 
more  than  four  oocytes.  Smooth  curve  was 
a  fit  to  equation  (I  -  lmln)/(lmax  -  lmi„)  =  K/(K,  + 
[BoNT]),  with  lmal  =  80  nA,  lmin  =  38  nA,  K,  = 
8  nM. 


Isoc  was  found  to  be  dose  dependent  on  BoNT  A  with 
an  apparent  K,  «  8  nM  (Figure  4D). 

In  contrast  to  BoNT  A,  BoNT  B,  E,  and  tetanus  toxin 
had  no  significant  effects  on  lsoc  measured  about  6-8 
hr  after  injection  to  final  concentrations  of  200  nM  each. 
Isoc  was  93  ±  4  nA  (n  =  6)  in  control  oocytes  versus 
74  ±  4  nA  (n  =  4),  78  ±  5  (n  =  5),  and  73  ±  8  (n  =  6) 
in  oocytes  injected  with  BoNT  B,  E,  and  tetanus  toxin, 
respectively.  Unfortunately,  we  cannot  yet  test  biochem¬ 
ically  whether  our  toxin  samples  could  cleave  Xenopus 
oocyte  SNAREs  because  the  latter  have  not  yet  been 
cloned,  and  the  antibodies  we  had  against  the  mammalian 
proteins  did  not  recognize  their  oocyte  counterparts. 

Blockade  of  Isoc  by  Dominant-Negative  Mutants 
of  SNAP-25 

Because  the  usual  target  of  BoNT  A  is  SNAP-25,  we 
examined  whether  lSOc  activation  could  be  similarly  in¬ 
hibited  by  dominant-negative  mutants  of  SNAP-25.  It 
was  shown  in  yeast  that  sec9-A1 7,  a  C-terminal  trunca¬ 
tion  of  a  SNAP-25  homolog,  was  a  dominant-negative 
mutant  (Rossi  et  al.,  1 997).  According  to  sequence  align¬ 
ment  (Weimbs  et  al.,  1 998)  supported  recently  by  crys¬ 
tal  structure  data  (Sutton  et  al.,  1998),  yeast  sec9-A17 
corresponds  to  deletion  of  C-terminal  20  amino  acids  of 
mouse  SNAP-25  (A20).  BoNT  A  cleavage  of  mammalian 
SNAP-25  causes  C-terminal  truncation  of  nine  amino 
acids  (A9).  Therefore,  we  made  a  series  of  C-terminal 
truncated  SNAP-25  mutants  spanning  between  A9  and 
A20  to  examine  whether  they  would  have  any  inhibitory 
action  on  lSOo.  A  truncated  mutant  SNAP-25  A41  was 
also  made  that  corresponded  to  sec9-A38,  which  did 
not  show  dominant-negative  effects  in  yeast  (Rossi  et 
al.,  1997).  The  SNAP-25  mutants  were  expressed  in  oo¬ 
cytes  by  injection  of  their  cRNA.  lSoc  activated  by  TPEN 


was  measured  in  oocytes  about  14  hr  after  injection  of 
3  ng  cRNA  per  oocyte  of  full-length,  A9,  A20,  or  A41 , 
respectively  (Figure  5).  TPEN  5  mM  induced  about  100 
nA  Uoc  in  uninjected  oocytes  and  oocytes  expressing 
full-length  (Figure  5Aa)  and  A41  SNAP-25  (Figure  5Ac), 
but  no  lSoc  in  oocytes  expressing  A20  (Figure  5Ab).  lSOc 
activation  was  inhibited  by  about  half  in  oocytes  ex¬ 
pressing  A9  cRNA.  Isoc  activated  by  ionomycin  was  simi¬ 
larly  inhibited  by  the  expression  of  dominant-negative 
SNAP-25  mutants  (Figure  5B).  Oocytes  were  injected 
with  1  ng  cRNA  of  each  mutant  per  cell  and  recorded 
in  1 5  hr  after  the  injection.  lSOc  activated  by  1 0  ji  M  iono¬ 
mycin  was  not  affected  by  expression  of  full-length 
SNAP-25,  but  almost  completely  abolished  by  expres¬ 
sion  of  Al  1 ,  Al  4,  Al  7,  and  A20  mutants.  The  inhibitory 
kinetics  could  be  speeded  up  by  injection  of  larger 
amounts  of  cRNA  to  express  more  proteins  in  shorter 
time.  Thus,  after  injection  of  30  ng  of  SNAP-25-A20, 
inhibition  of  lSOc  activated  by  ionomycin  started  in  2  hr 
and  reached  maximum  within  4  hr  after  the  injection 
(Figure  5C).  While  lSOc  was  totally  abolished,  lCi,ca  acti¬ 
vated  by  ionomycin  in  calcium-free  medium  was  unaf¬ 
fected  in  peak  amplitude  and  more  prolonged  in  oocytes 
expressing  the  dominant-negative  mutant  of  SNAP-25, 
showing  that  inhibition  of  lSoc  was  not  due  to  any  interfer¬ 
ence  with  Ca2+  release  from  stores.  Furthermore,  la,ca 
elicited  by  membrane  depolarization  (Barish,  1 983)  was 
not  reduced  by  the  dominant-negative  mutants  of 
SNAP-25.  The  effect  of  SNAP-25  on  membrane  turnover 
was  assessed  by  capacitance  measurements.  A  re¬ 
duction  of  about  50%  of  total  membrane  capacitance 
was  observed  in  oocytes  injected  with  SNAP-25-A20 
(189  ±  3  nF  in  control  oocytes  versus  96  ±  11  nF  in 
SNAP-25-A20-expressed  oocytes).  This  confirmed  that 
the  dominant-negative  mutants  of  SNAP-25  were  affect¬ 
ing  plasma  membrane  turnover. 
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Figure  5.  Prevention  of  lsoc  by  C-Terminal  Truncated  Mutants  of  SNAP-25 

(A)  Activation  of  lsoc  by  TPEN  was  not  affected  in  oocytes  expressing  full-length  (f.l.)  SNAP-25  (Aa)  and  SNAP-25-A41  (Ac),  but  it  was  completely 
absent  in  oocytes  expressing  A20. 

(B)  Summary  of  inhibition  of  lsoc  by  expressing  SNAP-25  mutants.  Activation  of  lsoc  by  ionomycin  (open  columns)  was  totally  abolished  by 
expression  of  SNAP-25-A11,  A14,  A17,  and  A20  4  hr  after  injection  of  30  ng  cRNA,  respectively.  Activation  of  lSOc  by  TPEN  (filled  columns) 
was  inhibited  by  about  half  by  expressing  SNAP-25-A9  and  was  almost  totally  blocked  by  expressing  A20  in  17  hr  after  injection  of  3  ng  cRNA 
each. 

(C)  Kinetics  of  lsoc  inhibition  by  expression  of  SNAP-25-A20.  lSoc  was  activated  by  ionomycin  and  measured  at  various  times  after  the  injection 
of  30  ng  cRNA. 


Activation  of  lsoc  Is  Not  Inhibited  by  Brefeldin  A 
To  distinguish  whether  inhibition  of  lsoc  by  BoNT  A  and 
dominant-negative  mutants  of  SNAP-25  was  mediated 
by  interference  with  constitutive  versus  regulated  exo- 
cytosis,  we  compared  the  effects  of  brefeldin  A  (BFA) 
with  those  of  BoNT  A  and  SNAP-25  A20.  BFA  blocks 
constitutive  exocytosis  by  inhibiting  protein  exit  from 
Golgi  apparatus,  which  possibly  results  from  BFA  inhibi¬ 
tion  of  guanine  nucleotide  exchange  for  ARF,  a  small  G 
protein  that  is  involved  in  coatomer-mediated  vesicle 
budding  from  ER  (Peyroche  et  al.,  1 999).  Wild-type  amil- 
oride-sensitive  epithelial  sodium  current  (ENaC)  ex¬ 
pressed  in  Xenopus  oocytes  is  inhibited  by  5  pM  BFA 
with  a  time  constant  of  3.6  hr  due  to  blockade  of  consti¬ 
tutive  insertion  of  ENaC  channels  while  clathrin-medi- 
ated  endocytosis  remains  active  (Shimkets  et  al.,  1997). 
We  confirmed  such  downregulation  of  ENaC  in  oocytes 
by  BFA  as  a  positive  control  for  BFA  efficacy.  lENac  was 
reduced  by  about  86%  (p  <  10-10)  by  incubation  of 
oocytes  with  BFA  5  pM  for  7  hr.  lSOc,  however,  remained 
unchanged  after  incubation  of  oocytes  in  5  pM  BFA  for 
7  to  20  hr  in  the  same  batch  of  oocytes  (Figure  6).  In 
complete  contrast  to  BFA,  BoNT  A  inhibited  lsoc  (p  < 
10  28)  but  not  I ENao  A  dominant-negative  SNAP-25  mu¬ 
tant  slightly  inhibited  lENac  (P  =  0.014),  but  to  a  much 
lesser  extent  than  did  BFA  (Figure  6).  In  addition  to 
the  exogenous  Na+  channels,  the  endogenous  voltage- 
operated  Ca2+  channels  and  Ca2+-activated  Cl-  chan¬ 
nels  were  not  reduced  by  BoNT  A  and  SNAP-25-A20 


but  were  inhibited  by  BFA,  though  the  BFA  block  was 
statistically  significant  only  at  the  p  =  0.06  level  (Figure 
6).  These  results  indicated  that  blockade  by  BFA  of  con¬ 
stitutive  traffic  to  the  plasma  membrane  for  up  to  24 
hr  did  not  reduce  the  cells’  ability  to  activate  lsoc>  and 
inhibition  of  lsoc  by  BoNT  A  and  SNAP-25  mutants  did 
not  result  from  disruption  of  constitutive  trafficking. 

Discussion 

Activation  of  the  Store-Operated  Ca2+  Current 
Is  a  Local  Process  that  Can  Show  Hysteresis 
Our  patch-clamp  experiments  showed  that  store-oper¬ 
ated  Ca2+  entry  was  highly  localizable,  required  store 
depletion  to  precede  patch  isolation,  and  yet  survived 
patch  excision.  Thus,  depletion  of  Ca2+  stores  could 
activate  Ca2+  influx  outside  but  not  inside  a  preformed 
gigaseal  onto  a  30  pm  diameter  patch  pipette  (Figures 
1 A  and  1 B).  Therefore,  the  ability  of  store  depletion  to 
trigger  Ca2+  current  within  the  patch  was  disrupted  by 
some  aspect  of  seal  formation,  such  as  the  visible  invag¬ 
ination  of  the  plasma  membrane  into  the  lumen  of  the 
pipette.  Meanwhile,  the  lnsP3-induced  increase  in  cyto¬ 
solic  [Ca2+]  was  still  able  to  activate  lCi,ca  within  the  cell- 
attached  patch  with  slightly  greater  latency  than  normal 
(Figure  1 C).  This  finding  showed  that  Ca2+  was  still  able 
to  diffuse  from  the  internal  stores  to  the  plasma  mem¬ 
brane  inside  the  gigaseal,  though  the  mean  diffusion 
distance  had  apparently  been  increased  from  the  normal 
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Figure  6.  Comparison  of  Effects  on  lSoc.  Imac,  and  Depolarization- 
Activated  ICi,cb  by  BoNT  A,  SNAP-25-A20,  and  BFA 
All  current  values  measured  were  normalized  to  mean  values  of 
control  groups  of  the  same  donor.  The  normalized  currents  from 
separate  donors  were  averaged  for  statistical  analysis.  Groups  sig¬ 
nificantly  different  (p  <  0.01)  from  control  are  marked  with  an  aster¬ 
isk.  Number  of  oocytes  measured  in  each  group  is  indicated  on  the 
column.  IS0C  was  activated  by  ionomycin  and  measured  in  Ba70. 
lENilC  was  measured  in  calcium-free  Ringer  at  holding  Vm  =  -30  mV 
as  the  difference  in  currents  before  and  after  1  jxM  amiloride.  Peak 
values  of  depolarization-activated  lCiiCa  were  measured  by  stepping 
Vm  to  +40  mV  in  Cal  0.  It  represents  endogenous  voltage-gated  Ca2+ 
channel  activity  evoking  lCi.ca  (Barish,  1 983).  BoNT  A  was  injected 
into  oocytes  to  a  100-200  nM  final  concentration,  waiting  for  4  to 
7  hr  before  recording.  SNAP-25-A20  cRNA  (30  ng)  was  injected  into 
oocytes  to  allow  protein  expression  for  4-6  hr.  Incubations  with  5 
H.M  BFA  lasted  5-20  hr  before  recording. 


5  p.m  to  13  pm.  Once  Ca2+  influx  was  activated  in  the 
absence  of  or  outside  a  gigaseal,  it  was  readily  detect¬ 
able  in  a  new  cell-attached  patch,  showing  that  patch 
formation  only  obstructed  initial  activation  rather  than 
maintenance  of  the  influx.  Furthermore,  lsoc  survived 
without  diminution  for  minutes  after  excision  of  the 
patch  into  the  inside-out  configuration  (Figure  2).  Al¬ 
though  one  of  us  helped  launch  the  idea  of  a  diffusible 
CIF  (Randriamampita  and  Tsien,  1993),  we  must  admit 
that  these  findings  argue  against  mediation  by  a  CIF 
freely  diffusible  through  the  cytosol,  because  such  a 
factor  should  have  easily  reached  the  plasma  membrane 
inside  the  gigaseal  but  should  have  washed  out  immedi¬ 
ately  after  excision  of  the  patch.  In  a  “conformational 
coupling”  hypothesis,  one  would  need  to  postulate  that 
the  protein-protein  contact  between  the  stores  and 
plasma  membrane  would  be  easily  disrupted  or  pre¬ 
vented  before  store  depletion,  but  it  would  become  ro¬ 
bust  enough  after  lSOc  activation  to  survive  invagination 
and  excision  of  the  patch.  In  an  exocytosis  model,  one 
would  assume  that  exocytosis  is  locally  prevented  by 
bulging  of  the  plasma  membrane  into  the  gigaseal.  In¬ 
deed,  exocytosis  in  mast  cells  is  reported  to  be  revers¬ 
ibly  blocked  by  inflating  the  plasma  membrane  (Solsona 
et  al.,  1998).  Whatever  the  model,  the  gigaseal  results 
show  that  activation  of  Ca2+  influx  can  vary  over  dis¬ 
tances  of  only  a  few  microns,  even  more  spatially  con¬ 
fined  than  those  of  Petersen  and  Berridge  (1996)  or 
Jaconi  et  al.  (1 997),  where  localization  was  reported  over 
distances  of  hundreds  of  microns. 

These  results  would  seem  to  conflict  with  a  previous 


report  (Figure  2,  Parekh  et  al.,  1 993)  in  which  a  depletion- 
activated  current  in  cell-attached  patches  was  immedi¬ 
ately  quenched  by  excision  from  the  oocyte  and  could 
be  reactivated  by  cramming  back  into  a  stimulated  cell. 
This  current  had  a  linear  l-V  curve  with  a  reversal  poten¬ 
tial  of  -30  mV,  was  recorded  in  the  presence  of  niflumic 
acid  to  block  lCi,ca,  and  had  amplitudes  of  1 0-20  pA  with 
pipettes  of  ordinary  micron  diameters.  lSOc  was  charac¬ 
terized  in  recent  two-electrode  voltage  clamp  recording 
studies  (Hartzell,  1996;  Yao  and  Tsien,  1997),  in  which 
Ca2+  chelators  instead  of  niflumic  acid  were  used  to 
abolish  lCi,ca  because  niflumic  acid  was  found  to  inhibit 
lsoc.  As  expected  for  a  highly  Ca2+ -selective  current, 
lsoc  has  an  inwardly  rectifying  l-V  curve  with  a  reversal 
potential  >+40  mV.  Giant-patch  recording  (Hilgemann, 
1995)  with  30  |j,m  diameter  pipettes  and  intrapipette 
perfusion  was  required  to  increase  detection  sensitivity 
and  to  record  ~1 0  pA  of  lSOc  directly  as  the  difference 
in  currents  between  70  and  0  mM  extracellular  Ca2+. 
Therefore,  the  current  that  was  quenched  by  excision 
and  restored  by  cramming  in  the  experiment  of  Parekh 
et  al.  (1993)  was  dominated  by  components  other  than 
Ca2+  influx. 

Mechanisms  of  Rho  A  Action  on  lSoc 
Up-  and  downregulation  of  RhoA,  by  expression  of  ex¬ 
cess  Rho  A  or  injection  of  Clostridium  C3  transferase, 
respectively,  decreased  and  increased  the  amplitude  of 
lsoc  (Figure  3).  Rho  A  is  known  to  regulate  many  cell 
events,  including  cytoskeletal  rearrangement  and  mem¬ 
brane  trafficking  (Van  Aelst  and  D’Souza-Schorey,  1 997; 
Hall,  1 998).  Because  RhoA  may  affect  both  constitutive 
and  regulated  membrane  trafficking,  our  results  with  C3 
and  RhoA  provide  only  general  evidence  for  the  impor¬ 
tance  of  trafficking  in  modulating  capacitative  Ca2+ 
entry. 

Mechanisms  of  Action  of  Botulinum  Neurotoxin  A 
and  SNAP-25 

In  this  study,  lSOc  was  found  to  be  inhibited  by  about 
50%  by  BoNT  A  (Figures  4  and  6).  This  inhibition  was 
relatively  specific  as  endogenous  lcliCa,  voltage-gated 
Caz+  current,  and  transfected  epithelial  Na+  channels 
were  not  reduced.  The  time  course  and  potency  of  the 
inhibitory  action  on  lSOc  by  BoNT  A  were  similar  to  that 
described  in  blockade  of  neurotransmission  of  Aplysia 
synapses  (Rossetto  et  al.,  1994).  Recently  BoNTs  have 
also  been  shown  to  block  insulin-stimulated  transloca¬ 
tion  of  GLUT4  in  adipocytes  (Cheatham  et  al.,  1996). 
The  maximum  inhibition  of  insulin-stimulated  glucose 
uptake  was  43%-51  %  (Tamori  et  al.,  1996;  Chen  et  al., 

1 997),  quite  similar  to  the  maximal  reduction  of  lsoc  in 
our  experiments.  Likewise  BoNT  A  causes  only  a  partial 
block  and  slowing  of  catecholamine  release  from  chro¬ 
maffin  cells  (Xu  et  al.,  1998). 

The  complete  inhibition  of  lSOc  by  dominant-negative 
mutants  of  SNAP-25  and  the  biphasic  length  depen¬ 
dence  of  the  effective  truncations  strongly  complement 
the  evidence  from  BoNT  A  for  a  crucial  role  for  a  SNAP- 
25  homolog  in  oocytes.  The  length  dependence  fits  well 
with  multiple  studies  showing  the  critical  importance  of 
the  region  corresponding  to  9  to  26  residues  from  the 
C  terminus  of  mammalian  SNAP-25  for  exocytosis  and 
its  triggering  by  calcium  sensors  (Gutierrez  et  al.,  1995; 
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Rossi  et  al.,  1 997;  Ferrer-Montiel  et  al.,  1 998;  Huang  et 
al.,  1998;  Xu  et  al.,  1998).  The  partial  inhibition  by  the 
A9  truncation  fits  well  with  the  similarly  partial  inhibition 
by  BoNT  A,  which  should  cut  SNAP-25  at  the  corre¬ 
sponding  location.  The  inhibition  of  lSOc  is  not  explain¬ 
able  by  general  interference  with  constitutive  insertion  of 
channels  into  the  plasma  membrane,  because  currents 
through  Ca2+ -activated  Cl“  channels,  voltage-gated 
Ca2+  channels,  or  transfected  epithelial  Na+  currents 
remained  undiminished  (Figure  6).  Conversely,  constitu¬ 
tive  insertion,  for  example  of  epithelial  Na+  channels, 
can  be  inhibited  by  brefeldin  A  without  any  effect  on  lsoc 
(Figure  6).  Therefore,  SNAP-25  and,  presumably,  regu¬ 
lated  exocytosis  are  important  in  the  process  for  activat¬ 
ing  lsoc.  We  did  not  see  any  change  in  the  l-V  relation 
of  l$oc  after  partial  inhibition  by  BoNT  A,  so  we  could  find 
no  evidence  that  SNAP-25  modifies  the  conductance 
properties  of  the  Ca2+  entry  channels  in  the  way  that 
syntaxin  modulates  the  gating  of  voltage-activated  Ca2+ 
channels  (Bezprozvanny  et  al.,  1995).  Instead,  loss  of 
functional  SNAP-25  simply  reduces  the  amplitude  of  the 
residual  lSOc- 

Conclusions  regarding  the  Mechanism  of  Coupling 
Ca2+  entry  into  oocytes  can  be  activated  by  microinjec¬ 
tion  of  extracts  from  lymphocytes  or  yeast  in  which 
Ca2+  stores  have  been  pharmacologically  or  genetically 
depleted  (Csutora  et  al.,  1 999).  However,  those  authors 
acknowledged  that  oocytes  themselves  produce  rela¬ 
tively  low  levels  of  calcium  influx  factor,  and  that  the 
evoked  influx  had  different  properties  from  endoge¬ 
nously  stimulated  capacitative  Ca2+  entry,  especially  in 
lanthanide  sensitivity.  Our  present  results  come  entirely 
from  oocytes  and  do  not  rule  out  the  potential  impor¬ 
tance  of  diffusible  factors  in  other  cell  types.  A  confor¬ 
mational  coupling  hypothesis  could  be  compatible  with 
our  data  if  one  assumes  that  the  link  between  the  stores 
and  the  plasma  membrane  is  mechanically  weak  before 
store  depletion  and  strong  afterward,  and  that  SNAP- 
25  or  a  homolog  is  important  for  the  linkage.  Our  results 
are  somewhat  more  naturally  accommodated  within  a 
model  in  which  the  channels  themselves  or  membrane- 
bound  activator  molecules  are  exocytotically  incorpo¬ 
rated  into  the  plasma  membrane  upon  store  depletion. 
We  would  argue  that  inhibitions  by  BoNT  A  and  domi¬ 
nant-negative  SNAP-25  are  far  more  likely  to  be  pharma¬ 
cologically  specific  for  SNAP-25  and  exocytosis  than 
the  previous  controversial  effects  of  GTP-yS,  prima¬ 
quine,  and  cytoskeletal  inhibitors.  Furthermore,  new  ex¬ 
periments  with  cytoskeletal  modulation  have  provided 
fresh  evidence  for  secretion-like  coupling  (Patterson  et 
al.,  1999).  The  major  arguments  against  exocytosis  are 
the  lack  of  measurable  increases  in  membrane  capaci¬ 
tance  before  or  during  store-operated  Ca2+  entry  in  oo¬ 
cytes  (<1  %  change;  preliminary  data  of  Y.  Y.)  and  other 
cell  types  (e.g.,  Fomina  and  Nowycky,  1999),  and  the 
lack  of  effect  of  BoNT  B  and  E  and  tetanus  toxin.  How¬ 
ever,  the  negligible  capacitance  increases  could  reflect 
the  minuscule  amount  of  membrane  required  to  accom¬ 
modate  the  channels  or  activators,  swamped  by  the 
huge  amount  of  concurrent  exo-  and  endocytosis,  suffi¬ 
cient  to  replace  the  entire  oocyte  plasma  membrane 
once  every  day  if  all  components  mixed  freely  (Zampighi 


et  al.,  1 999).  The  lack  of  inhibition  by  certain  toxins  might 
be  due  to  imperfect  homology  of  the  relevant  oocyte 
components  to  the  better-studied  mammalian  SNAREs; 
we  had  no  positive  control  that  our  toxin  samples  had 
any  effect  in  oocytes.  Nevertheless,  the  involvement  of 
proteins  extensively  studied  in  exocytosis  opens  up 
many  possible  testable  hypotheses  and  experiments  for 
the  future. 


Experimental  Procedures 

Cell  Preparation  and  Electrophysiology 

Oocytes  were  cultured  in  Barth’s  medium  supplemented  with  5% 
horse  serum  to  increase  viability  of  the  cells  (Quick  et  al.,  1992). 
Recordings  were  taken  at  least  2  hr  after  removal  of  the  serum. 
Oocytes  used  to  assess  drug  action  were  obtained  from  the  same 
frog  to  reduce  variability  in  lSOc-  Extracellular  solution  compositions 
and  recording  of  whole-oocyte  membrane  currents  with  a  conven¬ 
tional  two-electrode  voltage  clamp  were  as  described  by  Yao  and 
Tsien  (1997).  Membrane  potential  was  held  at  -60  mV  unless  other¬ 
wise  specified.  Capacitance  of  whole-oocyte  plasma  membrane 
was  determined  by  Cm  =  f  ic  dt/AV,  where  Cm  is  membrane  capaci¬ 
tance,  ic  capacitance  current  transient,  AV  membrane  voltage  step. 
C„,  was  averaged  from  AV  of  5,  1 0,  and  1 5  mV,  respectively. 

Giant-patch  glass  pipettes  (#7052,  O.  D./I.  D.  1.65/1.1,  WPI,  FL  or 
borosiiicate  glass,  0.  D./I.  D.  1.5/0.86  Warner  Instrument  Corp., 
Hamden,  CT)  were  pulled  to  have  tip  openings  of  around  40  pm 
with  a  horizontal  electrode  puller  (P-80/PC,  Sutter  Instrument  Co., 
Novato,  CA).  The  pipette  tips  were  then  heat-polished  to  give  final 
openings  of  about  30  pm,  which  should  encompass  about  1/6400 
of  the  total  surface  of  an  oocyte  of  1 .2  mm  diameter.  Thus,  an  oocyte 
with  a  total  lSOc  of  1 00  nA  should  give  about  1 6  pA  through  the  patch 
assuming  the  channels  are  evenly  distributed.  Patch  recordings 
made  from  various  sites  on  the  animal  hemisphere  showed  no  signif¬ 
icant  variation  in  current  amplitudes.  In  some  experiments  (e.g., 
Figure  1),  lCi,ca  was  measured  as  a  more  sensitive  monitor  of  Ca2+ 
influx,  because  its  amplitude  is  about  an  order  of  magnitude  larger 
than  lsoc  (Yao  and  Tsien,  1997).  For  intrapipette  perfusion,  quartz 
capillaries  (O.  D./I.  D.  150/75  pm,  Polymicro  Technologies  Inc., 
Phoenix,  AZ)  were  pulled  and  the  tips  cut  to  about  1 5  to  20  pm 
diameter.  Two  capillaries  were  bundled  with  glue  and  inserted  to 
within  1 00-200  pm  of  the  patch  pipette  tip  under  a  stereo  micro¬ 
scope.  Perfusates  were  passed  through  a  2  pm  filter.  Perfusates  in 
quartz  capillaries  were  held  by  suction  (typically  -10  mm  Hg)  to 
prevent  leakage  and  were  ejected  by  a  positive  pressure  (typically 
150  mm  Hg).  Turnover  of  intrapipette  solutions  at  the  membrane 
was  typically  within  a  few  seconds.  Oocyte  vitelline  membranes 
were  removed  in  a  hyperosmotic  solution  that  contained  (mM):  KCI 
200,  MgCI2  2,  KCI  1,  and  HEPES  5,  titrated  to  pH  7.2  with  NaOH, 
supplemented  with  EGTA  5  mM  for  measuring  lsoc  or  40  pM  for 
measuring  lCi,ca-  Current  was  recorded  with  an  Axopatch  200B  ampli¬ 
fier  (Axon  Instruments,  Inc.,  Foster  City,  CA),  whose  range  of  the 
fast  capacitance  compensation  was  expanded  to  20  pF  by  the  man¬ 
ufacturer.  Membrane  seal  resistance  were  larger  than  1  GO.  Bath 
solution  for  excised  patch  recordings  was  a  mock  intracellular 
Ringer  (IR),  containing  (mM):  95  KCI,  1  NaCI,  5  MgCI2,  5  HEPES, 
titrated  to  pH  7.2  with  NaOH,  plus  EGTA  5  mM  and  40  pM,  respec¬ 
tively,  for  recording  lSOc  and  lCi,ca-  Membrane  potentials  of  the  oocytes 
were  measured  to  be  -8.8  ±  0.5  mV  (n  =  4)  in  IR.  The  pipette 
potential  was  held  at  50  mV  after  a  Gfl  seal  was  formed.  A  voltage 
ramp  command  from  50  to  -130  mV  with  a  duration  of  0.5  s  was 
repetitively  applied  at  30  s  intervals  to  allow  rapid  collection  of  l-V 
relations  of  the  current.  This  resulted  in  a  final  membrane  potential 
ramp  from  -109  to  71  mV  after  summing  pipette  holding  potential, 
oocyte  membrane  potential,  and  the  ramp  command. 

All  recordings  were  performed  at  room  temperature  (22°C  ±  2°C). 
Data  points  are  expressed  as  mean  ±  SE.  Statistical  significance 
of  drug  actions  was  evaluated  with  two-tailed  Student’s  t  test  using 
Origin  software  (Microcal,  Northampton,  MA). 
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Use  of  TPEN  to  Activate  Store-Operated  Ca2t  Influx 
in  Xenopus  Oocytes 

The  usual  means  for  dumping  Ca2+  stores  and  activating  Uoc.  such 
as  ionomycin  administration  or  metabolic  production  or  microinjec- 
tion  of  lnsP3,  were  poorly  reversible.  A  rapidly  reversible  agent  not 
requiring  microinjection  would  be  very  helpful.  A  membrane-perme¬ 
ant  chelator  of  divalent  cations,  TPEN ,  was  shown  recently  to  induce 
store-operated  Ca2+  influx  in  mammalian  cells  (Hofer  et  al.,  1998). 
TPEN  has  a  low  affinity  for  Ca2+  (K0  =  40  p_M;  Arslan  et  al.,  1985) 
suitable  for  buffering  the  relatively  high  free  Ca2+  concentrations  in 
the  lumen  of  Ca2+-accumulating  organelles  while  exerting  little  effect 
on  cytosolic  free  Ca2+  (Hofer  et  al.,  1998).  The  total  Ca2 '  inside 
the  stores  is  conserved  during  application  of  TPEN  because  the 
TPEN-Ca2+  complex  is  impermeant  (Arslan  et  al.,  1 985).  When  free 
extracellular  TPEN  is  removed,  the  intraluminal  TPEN-Ca2+  dissoci¬ 
ates  and  rapidly  restores  intraluminal  free  Ca2+  so  that  deactivation 
of  influx  can  be  studied. 

TPEN  had  not  been  previously  tested  in  Xenopus  oocytes  but 
proved  very  useful  in  activating  lSoc  because  of  the  above  advan¬ 
tages.  TPEN  was  dispersed  in  nominally  Ca2+-free  media  and  ap¬ 
plied  extracellularly  to  load  the  oocytes  before  restoration  of  normal 
Ca2+  to  measure  the  influx.  The  minimum  TPEN  concentrations  re¬ 
quired  to  activate  the  Ca2+  influx  varied  from  0.1  to  1  mM  in  different 
batches  of  oocytes.  Ca2+  influx  reversed  quickly  after  washout  of 
TPEN  from  bath  and  could  be  reactivated  repeatedly.  Maximal  Ca2+ 
influx  was  activated  by  preincubation  of  oocyte  with  TPEN  for  1 
min.  Longer  incubations  with  TPEN  slowed  the  deactivation  time 
course  of  the  Ca2+  influx.  An  additional  inward  nonspecific  current 
was  present  during  the  TPEN  loading,  which  was  not  inhibited  by 
injection  of  EGTA.  To  test  whether  the  action  of  TPEN  was  additive 
to  that  of  ionomycin,  Ca2+  influx  was  first  induced  by  TPEN  and 
then  ionomycin  to  obtain  their  individual  activities  in  the  same  oo¬ 
cyte.  Ca2+  influx  induced  by  ionomycin  was  long-lasting.  Application 
of  TPEN  after  ionomycin  did  not  induce  additional  Ca2+  influx  (data 
not  shown).  Such  occlusion  indicates  that  Ca2+  influx  induced  by 
TPEN  is  through  the  store-operated  Ca2+  influx  pathway. 

One  concern  with  TPEN  is  its  very  high  binding  affinity  for  Zn2+ 
(Kd  =  2.63  X  10“16  M)  (Arslan  et  al.,  1985).  Also,  even  5  mM  TPEN 
only  activated  lSoc  to  about  half  the  maximal  amplitude  obtainable 
with  other  means  for  depleting  stores.  A  new  membrane-permeable 
Ca2+  chelator  that  has  a  higher  affinity  to  Ca2+  and  lower  affinity  to 
Zn2+  than  TPEN  would  be  yet  better.  Fortunately,  inhibition  of  BoNTs 
by  TPEN’s  chelation  of  Zn2+  is  irrelevant  because  TPEN  is  only 
applied  well  after  BoNT  injection. 

Materials 

Botulinum  toxin  A,  B,  and  E  were  kindly  supplied  by  Dr.  B.  R.  Das- 
Gupta  (University  of  Wisconsin,  Madison).  They  were  dissolved  at 
1  mg/ml  in  buffer  containing  (mM):  150  NaCI,  10  HEPES,  titrated  to 
pH  7.0,  maintained  at  -80°C.  BoNTs  were  reduced  with  10  or  20 
mM  DTT  at  room  temperature  for  1  hr  before  injection.  Activity  of 
BoNT  A  was  assessed  by  in  vitro  cleavage  assay  of  SNAP-25  (Ferrer- 
Montiel  et  al.,  1 996).  Cytochalasin  D  was  from  Sigma.  C3  transferase, 
amiloride,  and  brefeldin  A  were  from  Calbiochem  Novabiochem  (La 
Jolla,  CA).  One  side  effect  of  C3  transferase  was  a  spontaneous 
current,  dependent  on  extracellular  Ca2+,  which  usually  developed 
about  1  hr  or  longer  after  the  injection  of  C3.  Intracellular  injection 
of  EGTA  or  exposure  to  TPEN  suppressed  the  current,  so  it  did  not 
interfere  with  measurement  of  lSOc-  The  origin  of  this  curious  current 
remained  to  be  further  characterized. 

Expression  Vector  Construction  and  In  Vitro  Transcription 
cDNAs  of  wild-type  Rho  A,  its  constitutively  active  mutant  63L,  and 
dominant-negative  mutant  1 9N  in  plasmid  pCMV5  were  kind  gifts 
of  Dr.  G.  Bokoch  (Scripps  Research  Institute,  San  Diego,  CA).  Rho 
and  its  mutant  cDNA  inserts  were  released  from  pCMV5  with  Hindlll 
digestion  and  subcloned  into  pSGEM  at  the  Hindlll  site.  Vector 
pSGEM  was  obtained  from  Dr.  Philipp  and  Dr.  Flockerzi  (Universitat 
des  Saarlandes,  Homburg/Saar,  Germany),  which  derived  from  a 
popular  oocyte  expression  vector  pGEMHE  that  contained  Xenopus 
p-hemoglobin  untranslated  regions  flanking  the  multiple  cloning  site 
(Liman  et  al.,  1 992).  The  orientation  of  the  cDNA  inserts  was  checked 
by  gel  electrophoresis  after  EcoRV  digestion. 


C-terminal  truncated  mutants  of  mouse  SNAP-25  were  created 
by  PCR  using  a  forward  primer  paired  with  various  reverse  primers 
that  introduced  a  stop  codon  to  terminate  translation  at  different 
C-terminal  sites  of  SNAP-25.  The  forward  primer  in  PCR  reaction 
had  the  sequence  5-CGGGATCCGCCACCATGGCCGAGGACGCA 
GACATG,  which  contained  a  BamHI  site  and  a  Kozak  sequence  at 
the  5'  end  of  SNAP-25.  The  reverse  primers  for  CA9,  CA11,  CAM, 
CA17,  CA20,  and  CA41  were,  respectively,  5  -CGGAATTCTTATTGG 
TTGGCTTCATCAAT,  5’-CGGAATTCTTAGGCTTCATCAATTCTGGT, 
5-CGGAATTCTTAAATTCTGGTTTTGTTGGA,  5'-CGGAATTCTTATT 
TGTTGGAGTCAGCCTT,  5'  -CGGAATTCTTAGTCAGCCTTCTCCAT 
GAT,  and  5'-CGGAATTCTTATAGGGCCATATGACGGAG.  All  reverse 
primers  incorporated  an  EcoRI  site  and  a  stop  codon  at  the  3'-end 
of  SNAP-25.  Following  PCR  amplification,  the  PCR  products  were 
gel-separated  and  digested  with  BamHI  and  EcoRI.  The  resulting 
PCR  frgments  were  subcloned  into  the  vector  pSGEM  between  the 
5'  UTR  and  the  3'UTR  of  Xenopus  p-globin.  All  C-terminal  truncation 
mutants  of  SNAP-25  were  verified  by  DNA  sequencing. 

cDNAs  of  three  subunits  of  epithelial  sodium  channel,  a,  fi,  y,  in 
plasmids  pSPORT  (a  and  y)  and  pSD5  (p),  were  kind  gifts  of  Dr.  C. 
Canessa  (Yale  University).  pSPORT-a  and  y  were  linearized  by  Notl 
and  RNA  synthesized  by  T7  polymerase,  whereas  Bglll  and  SP6 
polymerase  were  used  for  pSD5-p.  A  mixture  of  the  three  cRNAs 
(0.1  or  1  ng  each)  was  injected  into  each  oocyte,  and  lENaC  was 
measured  1-3  days  later. 

Capped  cRNAs  were  synthesized  using  mMESSAGE  mMACHINE 
kits  from  Ambion  (Austin,  TX).  Synthetic  cRNAs  were  resuspended 
in  water.  Aliquots  of  2  p.1  each  were  stored  at  -80°C  until  injection. 
Typically,  20  nl  RNA  solution  was  injected  into  each  oocyte.  Concen¬ 
trations  of  RNA  were  adjusted  to  reach  the  final  desired  mass. 
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Abstract  SNARE  proteins  appear  to  be  involved  in  homotypic 
and  heterotypic  membrane  fusion  events  [Sollner  et  al.  (1993) 
Nature  362,  318-324].  The  crystal  structure  of  the  synaptic 
SNARE  complex  exhibits  a  parallel  four-helical  bundle  fold  with 
two  helices  contributed  by  SNAP-25,  a  target  SNARE  (t- 
SNARE),  and  the  other  two  by  a  different  t-SNARE,  syntaxin, 
and  a  donor  vesicle  SNARE  (v-SNARE),  synaptobrevin.  The 
carboxy-terminal  boundary  of  the  complex,  predicted  to  occur  at 
the  closest  proximity  between  the  apposed  membranes,  displays  a 
high  density  of  positively  charged  residues.  This  feature 
combined  with  the  enrichment  of  negatively  charged  phospho¬ 
lipids  in  the  cytosolic  exposed  leaflet  of  the  membrane  bilayer 
suggest  that  electrostatic  attraction  between  oppositely  charged 
interfaces  may  be  sufficient  to  induce  dynamic  and  discrete 
micellar  discontinuities  of  the  apposed  membranes  with  the 
transient  breakdown  at  the  junction  and  subsequent  reformation. 
Thus,  the  positively  charged  end  of  the  SNARE  complex  in 
concert  with  Ca2+  may  be  sufficient  to  generate  a  transient 
‘fusion  pore’. 

©  1999  Federation  of  European  Biochemical  Societies. 
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1.  Introduction 

Neurons  communicate  with  each  other  by  means  of  neuro¬ 
transmitters.  Membrane  fusion  is  essential  for  synaptic  trans¬ 
mission,  a  process  by  which  neurotransmitters  are  released 
from  excited  nerve  terminals  [1],  Recently,  the  crystal  struc¬ 
ture  of  a  SNARE  complex,  a  key  entity  involved  in  the  spe¬ 
cific  recognition  and  ultimately  fusion  of  synaptic  vesicles  with 
the  neuronal  plasma  membrane,  was  described  [2],  The  com¬ 
plex  is  formed  by  the  specific  interaction  between  segments  of 
three  proteins:  synaptobrevin-II,  a  vesicle  associated  protein, 
and  syntaxin- 1 A  and  SNAP-25B,  two  distinct  proteins  an¬ 
chored  to  the  plasma  membrane.  The  clostridial  botulinum 
and  tetanus  neurotoxins  proteolytically  cleave  these  three  pro¬ 
teins  consequently  preventing  vesicle  fusion  and  thereby  ab¬ 
rogating  transmitter  release  [3].  The  SNARE  complex  folds 
into  a  parallel  four-helical  bundle  with  a  left  handed  super¬ 
helical  twist  [2,4] :  two  helices  are  contributed  by  a  molecule  of 
the  t-SNARE  SNAP-25,  the  other  two  by  synaptobrevin  and 
syntaxin.  Such  a  structure  may  bring  into  juxtaposition  the 
surfaces  of  the  apposed  vesicle  and  plasma  membrane  bilayers 
to  facilitate  fusion.  How  this  may  happen  is  not  known,  how¬ 
ever,  Ca2+  is  required  and  other  proteins  may  catalyze  and 
confer  additional  specificity  to  the  process  [5,6],  Here,  we 
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focus  on  highlighting  a  number  of  features  of  this  fascinating 
structure  that  may  provide  clues  to  understand  how  it  medi¬ 
ates  bilayer  fusion. 

2.  Electrostatic  attractions  between  oppositely  charged 

interfaces  and  fusion 

A  key  finding  emerged  from  electrostatic  calculations  that 
showed  a  conspicuous  enrichment  of  positively  charged  resi¬ 
dues  at  the  carboxy-terminal  end  of  the  complex  [2],  This 
boundary  is  assigned  to  be  at  the  membrane-anchored  end 
of  the  complex,  and  therefore,  at  the  minimum  distance  be¬ 
tween  the  apposed  membranes.  It  is  known  that  negatively 
charged  lipids  are  preferentially  distributed  in  the  inner  leaflet 
of  the  bilayer  plasma  membrane  [7],  It  is  also  well  recognized 
that  Ca2+  and  highly  basic  polypeptides  interact  with  nega¬ 
tively  charged  lipids  to  induce  a  lamellar  to  hexagonal  phase 
transition  with  the  consequent  generation  of  local  micelliza- 
tion  foci  and,  if  propagated,  the  breakdown  of  the  bilayer 
structure  [7-10].  And  it  is  well  established  that  acidic  lipids 
are  required  for  the  insertion  into  and  translocation  across 
bilayers  of  a  number  of  channel-forming  proteins,  conspicu¬ 
ous  among  them  diphtheria  [11]  and  tetanus  [12]  toxins,  col- 
icin  [13]  and  Bcl-2  family  proteins  [14],  It  appears  therefore, 
that  electrostatic  interaction  energy  between  oppositely 
charged  interfaces  might  drive  discrete  micellizations  of  the 
apposed  membranes  with  the  transient  breakdown  of  the  hy¬ 
drophobic  membrane  barrier  and  the  consequent  release  of 
the  transmitter.  Thus,  the  positively  charged  end  of  the 
SNARE  complex  in  concert  with  Ca2+  may  be  sufficient  to 
generate  a  transient  ‘fusion  pore’.  This  hypothesis  could  be 
tested  using  purified  SNARE  proteins  reconstituted  into  sep¬ 
arate  bilayer  vesicles  of  defined  phospholipid  composition 
[15].  This  model  system  has  demonstrated  that  SNARE  pro¬ 
teins  are  necessary  and  sufficient  for  fusion  in  the  absence  of 
other  protein  components,  albeit  at  a  low  rate  and  efficiency 
[15]. 

3.  Acidic  phospholipids  and  Ca2+  ions  as  mediators  of  fusion 

Another  striking  feature  of  the  SNARE  complex  is  the 
occurrence  of  four  shallow  grooves  at  the  surface  of  the  hel¬ 
ical  bundle  [2].  Such  grooves,  particularly  those  present  at  the 
basic  charged  end  of  the  complex,  may  provide  specific  bind¬ 
ing  pockets  for  acidic  lipids.  There  is  structural  evidence  for 
such  lipid  binding  pockets:  the  crystal  structure  of  a  type  lip 
phosphatidylinositol  phosphate  kinase  reveals  an  extensive  flat 
basic  surface  well  suited  for  the  interfacial  binding  of  phos- 
phoinositides  and  catalysis  [16].  The  crystal  structure  of  the 
annexin  XII  hexamer  displays  a  prominent  concave  disc  with 
numerous  surface  exposed  Ca2+  ions  on  the  perimeter  [17]. 
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Presumably,  these  Ca2+  ions  mediate  annexin  binding  to 
phosphatidylserine,  its  insertion  into  membranes  and  lead  to 
channel  formation  and  membrane  fusion  [18]. 

Specific  protein-lipid  interactions  are  considered  key  events 
in  viral  fusion  mechanisms  and  the  analogy  to  the  SNARE 
coil-coiled  complex  has  been  drawn  [15].  The  recent  identifi¬ 
cation  of  a  mitochondrial  v-SNARE  [19]  combined  with  the 
abundance  of  acidic  lipids  in  mitochondrial  membranes  [7] 
raise  the  intriguing  possibility  that  SNAREs  could  be  at  the 
fusion  interface  between  mitochondria  and  other  organelles, 
as  it  appears  to  be  between  yeast  vacuoles  [20,21],  It  would  be 
interesting  to  examine  in  molecular  detail  if  the  electrostatic 
attraction  between  oppositely  charged  interfaces  is  sufficient 
to  induce  dynamic  and  discrete  micellar  discontinuities  of  the 
apposed  membranes  with  the  transient  breakdown  at  the  junc¬ 
tion  and  subsequent  reformation.  Attention  to  Ca2+  as  a  me¬ 
diator  of  protein-lipid  interactions  at  membrane  fusion  inter¬ 
faces  is  worth  revisiting  in  view  of  the  new  structural 
information. 
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The  assembly  of  target  (t-SNARE)  and  vesicle-associ¬ 
ated  SNAP  receptor  (v-SNARE)  proteins  is  a  critical  step 
for  the  docking  of  synaptic  vesicles  to  the  plasma  mem¬ 
brane.  Syntaxin-  1A,  SNAP-25,  and  synaptobrevin-2  (also 
known  as  vesicle-associated  membrane  protein,  or 
VAMP-2)  bind  to  each  other  with  high  affinity,  and  their 
binding  regions  are  predicted  to  form  a  trimeric  coiled- 
coil.  Here,  we  have  designed  three  peptides,  which  cor¬ 
respond  to  sequences  located  in  the  syntaxin-lA  H3  do¬ 
main,  the  C-terminal  domain  of  SNAP-25,  and  a 
conserved  central  domain  of  synaptobrevin-2,  that  ex¬ 
hibit  a  high  propensity  to  form  a  minimal  trimeric 
coiled-coil.  The  peptides  were  synthesized  by  solid 
phase  methods,  and  their  interactions  were  studied  by 
CD  spectroscopy.  In  aqueous  solution,  the  peptides  were 
unstructured  and  showed  no  interactions  with  each 
other.  In  contrast,  upon  the  addition  of  moderate 
amounts  of  trifluoroethanol  (30%),  the  peptides  adopted 
an  a-helical  structure  and  displayed  both  homomeric 
and  heteromeric  interactions.  The  interactions  ob¬ 
served  in  ternary  mixtures  induce  a  stabilization  of  pep¬ 
tide  structure  that  is  greater  than  that  predicted  from 
individual  binary  interactions,  suggesting  the  forma¬ 
tion  of  a  higher  order  structure  compatible  with  the 
assembly  of  a  trimeric  coiled-coil. 


The  assembly  of  the  synaptic  core  complex  is  essential  for 
Ca2+-dependent  neuroexocytosis.  This  early  event  in  the  secre¬ 
tory  cascade  is  then  followed  by  the  priming  and  vesicle  fusion 
steps  (1-6).  According  to  the  SNARE1  model,  docking  of  syn¬ 
aptic  vesicles  to  the  plasma  membrane  is  a  critical  step  that 
involves  the  formation  of  a  ternary  complex  by  the  v-SNARE 
synaptobrevin  (also  known  as  vesicle-associated  membrane 
protein,  or  VAMP),  and  two  t-SNAREs:  SNAP-25  and  syntaxin 
(7-9).  Reconstitution  of  the  v-SNARE  synaptobrevin  into  lipid 
vesicles  and  the  two  t-SNAREs,  SNAP-25  and  syntaxin,  into  a 
distinct  vesicle  pool  has  provided  evidence  that  the  formation  of 
a  ternary  complex  is  sufficient  to  join  the  independent  vesicle 
pools  and  lead  to  fusion  of  the  apposed  bilayer  membranes  (10). 
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Understanding  the  interactions  between  the  proteins  of  the 
trimeric  complex  in  a  simplified  model  may  outline  new  ways  to 
control  its  assembly  and  dissociation  or  to  modulate  the  con¬ 
formational  changes  that  are  presumably  necessary  for  the 
progression  from  the  docking  step  to  the  subsequent  phases  in 
the  secretory  process.  The  structural  domains  that  appear  to  be 
implicated  in  the  protein-protein  interactions  between  SNAP- 
25,  synaptobrevin,  and  syntaxin  show  a  high  propensity  for  the 
formation  of  a-helices  (11-15).  Secondary  structure  analysis 
shows  that  the  periodic  distribution  of  hydrophobic  amino  acids 
is  consistent  with  a  coiled-coil  organization  (2,  11,  12,  14,  15). 
Fluorescence  energy  transfer  experiments  (12)  and  electron 
microscopy  (15)  further  indicate  that  synaptobrevin  and  syn¬ 
taxin  are  aligned  in  parallel  in  the  context  of  a  ternary 
coiled-coil. 

To  investigate  the  postulated  coiled-coil  interactions  be¬ 
tween  the  proteins  that  constitute  the  docking  complex  in  a 
minimal  model,  we  have  applied  the  principles  involved  in  the 
formation,  of  stable  coiled-coils  (16)  to  design  three  peptides 
corresponding  to  predicted  coiled-coil-forming  domains  in 
SNAP-25,  synaptobrevin-2,  and  syntaxin-lA.  We  have  used  CD 
spectroscopy  to  determine  the  secondary  structure  of  these 
peptides  and  their  interactions  in  binary  and  tertiary  mixtures. 
Our  findings  are  consistent  with  the  assembly  of  the  predicted 
ternary  complex. 

EXPERIMENTAL  PROCEDURES 

Reagents — HPLC  grade  trifluoroacetic  acid,  trifluoroethanol  (TFE), 
ethanedithiol,  thioanisoi,  phenol,  and  acetonitrile  were  purchased  from 
Aldrich.  Methyl  fert-butyl  ether  was  from  Fisher.  HPLC  columns  were 
from  Vydac  (Hesperia,  CA).  L-Amino  acids  and  protected  derivatives 
used  for  peptide  synthesis  were  made  by  Calbiochem.  Benzoic  anhy¬ 
dride  was  obtained  from  Sigma.  All  other  reagents  for  peptide  synthesis 
and  resins  were  from  Applied  Biosystems  (Foster  City,  CA). 

Peptide  Synthesis  and  Purification — Peptides  SN  (human  brain 
SNAP-25-(181-206)),  SB  (human  brain  synaptobrevin-2-(40-67)),  ST 
thuman  brain  syntaxin-lA-(191-218)),  and  SNEO  (scrambled  SN  pep¬ 
tide  sequence:  ESDNDTRAIKITQAGSMKRMGLNAKE)  were  produced 
using  solid  phase  peptide  synthesis.  Synthesis  started  with  a  p-hy- 
droxymethyl  phenoxy  methyl  polysterene  resin  and  was  carried  out 
using  the  Fastmoc®  Fmoc  strategy  on  an  Applied  Biosystems  peptide 
synthesizer  model  431A  (Foster  City,  CA)  according  to  a  single  coupling 
plus  capping  protocol.  Cleavage  from  the  resin  and  removal  of  all 
protecting  groups  was  accomplished  by  using  trifluoroacetic  acid  cleav¬ 
age  as  described  (17).  Crude  peptides  were  precipitated  from  the  tri¬ 
fluoroacetic  acid  mixture  in  cold  methyl  tert- butyl  ether  and  centri¬ 
fuged,  the  supernatant  was  discarded,  and  the  remaining  methyl  tert- 
butyl  ether  was  removed  under  high  vacuum  at  0  °C  for  3  h.  Samples  of 
crude  peptide  (10-20  mg)  were  dissolved  in  0.17c  trifluoroacetic  acid, 
applied  to  a  semipreparatory  column  (Vydac,  C-18),  and  eluted  at  a  flow 
rate  of  3  m!/min  with  a  linear  gradient  of  90%  acetonitrile  in  0.17c 
trifluoroacetic  acid.  Eluted  peaks  were  monitored  by  absorbance  meas¬ 
urements  at  214  nm,  pooled,  and  lyophilized.  Peptide  purity  was  as¬ 
sessed  by  RP-HPLC  in  an  analytical  column  (Vydac,  C-18). 

Secondary  and  Tertiary  Structure  Predictions — Propensities  of  pep¬ 
tides  to  adopt  a  coiled-coil  structure  were  estimated  using  two  different 
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programs:  Coils  and  Paircoil.  The  Coils  program  uses  the  Lupas  algo¬ 
rithm  (18,  19).  Sequences  were  compared  with  an  unweighted  MTIDK 
matrix  (18)  using  14-  and  28-residue  scanning  windows.  The  second 
program  uses  the  Berger  algorithm  (20),  which  is  more  stringent.  Both 
methods  are  based  on  the  relative  frequency  of  occurrence  of  amino 
acids  at  each  position  (a-g)  of  the  coiled-coil  heptad  repeat.  Secondary 
structure  predictions  were  performed  using  the  SOPMA  method  (21, 22) 
and  the  AGADIR  program  (23). 

CD  Measurements — CD  measurements  were  carried  out  on  a  modi¬ 
fied  Cary  61  (24)  or  an  AVIV  model  202  spectropolarimeter.  The  original 
Pockel  cell  and  Cary  linear  polarizer  in  the  Cary  61  were  replaced  with 
a  50-kHz  photoelastic  modulator  (Hinds  International,  FS-5/PEM-80) 
and  a  MgF2  linear  polarizer  (AVIV  Inc.).  The  phase-detected  output  of 
the  original  end-on  photomultiplier  and  preamplifier  were  integrated 
using  an  Egg  Princeton  Applied  Research  model  128A  lock-in  amplifier. 
System  automation  and  multiple  scan  averaging  were  accomplished 
with  an  IBM  PC-compatible  computer  interfaced  directly  to  both  the 
Cary  61  and  the  128A  amplifier.  Constant  N2  flushing  was  employed. 
Spectra  were  measured  at  195—250  nm  using  a  0.05-cm  cell,  a  1-nm 
bandwidth,  a  0.3-ms  time  constant,  and  a  cell  temperature  of  25  °C.  All 
recordings  were  performed  in  10  mM  sodium  phosphate  buffer,  pH  7.4, 
100  mM  NaCl,  with  or  without  TFE,  unless  otherwise  indicated.  Twenty 
scans  were  averaged  for  every  spectrum.  Base  line  subtraction,  conver¬ 
sion  of  measured  rotations  to  mean  residue  ellipticity  [0] 
(deg-cm2-dmol-1)  (25),  and  filtering  of  the  spectra  using  a  fast  fourier 
transform  filter  were  performed  using  the  Microcal  Origin  3.5  program. 
The  percentage  of  o-helical  content  was  estimated  directly  from  the 
molar  residue  ellipticity  at  222  nm  as  described  by  Chen  et  at.  (26). 
Percentages  of  secondary  structures  were  also  estimated  using  the 
neural  network-based  K2  algorithm  (27).  To  evaluate  the  spectral 
changes  induced  by  peptide-peptide  interactions  in  mixtures,  the  non¬ 
interacting  spectra  were  calculated  from  the  individual  spectra  using 
the  equation, 

[0]lh„  =  2(c,  •  n,  •  [0],)/2(Cj  •  nj  (Eq.  1) 

where  c ,  denotes  the  molar  peptide  concentrations,  n,  represents  the 
peptide  lengths  in  number  of  residues,  and  [0](  values  are  observed 
mean  residue  ellipticities. 

RESULTS  AND  DISCUSSION 
Peptide  Design 

Basic  Criteria  for  the  Design  of  the  Minimal  Predicted  Coiled- 
coil-forming  Peptides — The  sequences  of  the  peptides  synthe¬ 
sized  from  selected  regions  from  human  SNAP-25  (peptide  SN), 
synaptobrevin-2  (peptide  SB),  and  syntaxin-lA  (peptide  ST) 
are  shown  in  Fig.  1A.  Sequence  selection  was  based  on  six 
criteria:  1)  information  about  the  minimal  domains  of  SNAP- 
25,  synaptobrevin,  and  syntaxin  involved  in  protein-protein 
interactions  in  the  core  complex  (1-5,  28);  2)  botulinum  neuro¬ 
toxins  (BoNTs)  cleavage  sites  and  their  effects  on  neurotrans¬ 
mitter  release  (29-37);  3)  sequence  specificity  of  peptides  in¬ 
hibitors  of  neurotransmitter  release  (38-44);  4)  effects  of  point 
mutations  on  the  process  of  secretion  and  endocytosis  (4,  11, 
44_47);  5)  predictions  of  secondary  structure  formation  of 
coiled-coil  structures;  and  6)  a  minimum  length  for  a  stable 
parallel  coil  peptide  of  —28  residues,  or  4  heptad  repeats  (48, 
49). 

Design  of  the  SN  Peptide — The  region  of  SNAP-25  interact¬ 
ing  with  synaptobrevin-2  has  been  localized  between  residue  4 1 
and  the  C-terminal  residue  (2,  4).  The  segment  from  residue 
181  to  the  C  terminus  is  necessary  for  the  SNAP-25-synapto- 
brevin  interaction  (3).  Peptides  corresponding  to  the  20  and  26 
C-terminal  residues,  the  latter  analogous  to  the  SNAP-25  seg¬ 
ment  released  after  cleavage  by  BoNT  E,  inhibit  neurotrans¬ 
mitter  release  with  IC50  values  of  10  and  0.25  pM,  presumably 
by  preventing  the  docking  of  synaptic  vesicles  (40,  43;. 

The  C-terminal  region  of  SNAP-25  delimited  by  residues  169 
and  206  displays  a  high  propensity  '99%)  to  form  coiled-coil 
structures.  Two  distinct  domains  are  predicted:  one  from  posi¬ 
tion  166  to  187  (62%),  and  the  second  from  position  189  to  the 
C  terminus  (55%).  Accordingly,  the  26-residue  peptide  corre¬ 


sponding  to  the  C-terminal  segment  of  SNAP-25,  hereafter 
designated  as  SN,  was  selected  based  on  the  fact  that  it  is 
nearly  4  heptads  long,  it  exhibits  high  propensity  to  form 
coiled-coils,  and  it  is  an  efficient  inhibitor  of  neurotransmitter 
release  (Fig.  1A,  Peptide  SN). 

Design  of  the  ST  Peptide — Similar  considerations  were  used 
in  the  design  of  a  potentially  coiled-coil-forming  peptide  from 
syntaxin-lA.  The  region  between  positions  194  and  261  is  nec¬ 
essary  for  the  interaction  with  synaptobrevin-2  and  SNAP-25 
(2,  3,  5).  The  segment  necessary  for  interaction  with  SNAP-25 
has  been  located  between  residues  199  and  267  (1)  and  further 
delimited  to  residues  199-220  (4).  All  of  these  studies  confine 
the  SNAP-25  binding  region  on  syntaxin  to  the  N-terminal 
portion  of  the  H3  domain  (residues  191-266)  (2,  4),  and  a 
putative  minimal  SNAP-25  binding  domain  (residues  189-220) 
has  been  identified  (11,  44).  Coiled-coil  predictions  using  the 
sequence  of  human  syntaxin  revealed  a  region  between  posi¬ 
tions  199  and  214  with  high  probability  (78%)  of  coiled-coil 
formation. 

Syntaxin-lA  mutants  containing  point  mutations  (4,  11,  44) 
at  the  a  and  d  repeats  of  a  predicted  coiled-coil  show  reduced 
SNAP-25  binding,  supporting  the  involvement  of  this  region  in 
the  interaction  with  SNAP-25  (Fig.  1B).  Peptides  correspond¬ 
ing  to  the  predicted  coiled-coil-forming  region  of  syntaxin-lA 
have  also  been  shown  to  inhibit  neurotransmitter  release  (11, 
42,  44).  Given  these  considerations,  the  selected  4-heptad  syn¬ 
thetic  peptide  corresponding  to  human  syntaxin  spanned  from 
residue  191  to  218  (Fig.  1A,  Peptide  ST). 

Design  of  the  SB  Peptide — The  region  of  synaptobrevin-2 
between  positions  27  and  96  interacts  with  both  SNAP-25  and 
syntaxin-lA  in  the  core  complex  (3,  28).  Synaptobrevin-2  con¬ 
tains  a  conserved  domain  between  residues  57  and  88,  with 
high  propensity  (95%)  to  form  coiled-coils,  and  two  distinct 
subdomains  (28-42  and  52-72).  Deletion  of  the  region  span¬ 
ning  from  residue  41  to  50  abolishes  endocytosis  (45),  and 
mutants  lacking  the  segments  41-50  or  51-60  do  not  to  bind  to 
SNAP-25  and  syntaxin- 1A.  The  mutants  with  deletion  of  seg¬ 
ment  31-38  show  weak  binding  to  t-SNAREs,  whereas  the 
deletion  of  segments  61-70  or  71-80  results  in  poor  binding  to 
syntaxin  while  maintaining  the  interactions  with  SNAP-25 
(47).  Moreover,  a  single  mutation  (M46A)  inhibits  endocytosis 
by  80%  and  reduces  binding  to  syntaxin-lA  and  SNAP-25  (45, 
46).  Taken  together,  this  information  suggests  that  the  region 
delimited  by  positions  40  and  60  is  involved  in  the  ternary 
interactions  that  result  in  the  assembly  of  the  docking  complex; 
therefore,  the  peptide  synthesized  encompassed  4  heptads  from 
position  40  (Fig.  1A,  Peptide  ST). 

Design  of  the  SNRD  Control  Peptide — A  control  peptide  cor¬ 
responding  to  the  scrambled  sequence  of  the  selected  SNAP-25 
peptide  was  also  synthesized.  Randomized  sequences  were  gen¬ 
erated,  their  secondary  structures  were  predicted  using  the 
SOPMA  method,  and  the  sequences  with  an  a-helical  content 
similar  to  the  original  sequence  were  run  against  the  Prosite 
data  base.  A  peptide  with  the  same  functional  sites  but  without 
the  heptad  periodicity  was  synthesized  (sequence  shown  under 
“Experimental  Procedures"),  and  it  was  shown  to  be  pharma¬ 
cologically  inactive.  The  SNRD  peptide,  at  variance  to  SN,  did 
not  affect  Ca2_-dependent  release  in  chromaffin  cells. 

Secondary  structure  predictions  using  the  SOPMA  method 
(21,  22)  indicate  that  all  three  peptides  may  form  stable  a-hel- 
ices  in  the  context  of  a  whole  protein  structure.  Predicted 
helicities  for  SN,  SB.  and  ST  peptides  were  62,  96,  and  86%, 
respectively,  when  considered  integrated  in  the  protein,  in 
contrast  to  42,  57,  and  67%  as  isolated  peptides.  The  behavior 
of  the  isolated  peptides  in  an  aqueous  environment  was  pre¬ 
dicted  by  using  the  AGADIR  algorithm  (23).  This  program  uses 
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Fig.  1.  Model  of  a  minimal  trimeric 
coiled-coil  using  selected  sequences 
from  SNAP-25,  synaptobrevin-2,  and 
syntaxin-A.  A,  schematic  representation 
of  the  relative  location  of  SNAP-25,  syn¬ 
aptobrevin-2,  and  syntaxin-A  in  the  syn¬ 
aptic  terminal  ( black  boxes).  The  white 
boxes  represent  the  segments  correspond¬ 
ing  to  the  synthetic  peptides  SN,  SB,  and 
ST,  respectively.  The  relative  size  of  the 
proteins  and  synthetic  peptides  are  not  to 
scale.  The  amino  acid  sequences  of  the 
SN,  SB,  and  ST  peptides  are  given  in  the 
box.  B,  triple  helical  coiled-coil  model  of 
the  segments  of  SNAP-25,  synaptobre¬ 
vin-2,  and  syntaxin-A  represented  by  the 
synthetic  peptides  SN,  SB,  and  ST,  re¬ 
spectively.  The  sequences  have  a  heptad 
pattern  of  residues  (designated  as  a~g), 
where  a  and  d  are  usually  hydrophobic 
and  e  and  g  are  frequently  charged.  Solid 
arrows  denote  hydrophobic  interactions 
in  the  core  of  the  complex,  whereas  broken 
arrows  refer  to  potential  ionic  interac¬ 
tions,  as  described  in  detail  in  C.  Muta¬ 
tions  known  to  disrupt  the  interactions 
between  proteins  (*)  are  located  in  the 
hydrophobic  core.  Mutations  known  not  to 
interfere  in  the  assembly  of  the  complex 
(#)  are  all  located  outside  the  hydrophobic 
core.  Most  of  the  charged  residues  are 
located  in  the  outer  shell  of  the  complex 
(positions  b,  c,  and  /).  Hollow  arrows  in  A 
and  B  show  the  relative  location  of  Botu¬ 
linum  neurotoxin  cleavage  sites,  which 
are  all  accessible  on  the  surface  of  the 
complex.  C,  potential  interactions  be¬ 
tween  charged  residues  of  peptides  SN, 
SB,  and  ST.  Charged  residues  in  positions 
e  and  g  or  at  i  +  3-  or  i  +  4-positions  can 
form  intramolecular  ( squares )  or  intermo- 
lecular  ( circles )  salt  bridges  that  contrib¬ 
ute  to  the  overall  stability  of  the  trimeric 
complex. 
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statistical  mechanics  to  consider  short  range  interactions  be¬ 
tween  residues  at  different  pH  and  temperature.  Given  the  size 
of  our  peptides,  they  are  predicted  to  be  unstructured  (4%  for 
SN,  3%  for  SB,  and  2%  for  ST  peptide,  respectively)  under 
aqueous  conditions.  Thus,  considering  both  sets  of  data,  we 
infer  that  these  peptides  can  adopt  a-helical  structures  only  in 
the  context  of  the  intact  protein  and,  therefore,  that  the  pres¬ 
ence  of  helicity-inducing  conditions  may  be  necessary  to  mimic 
the  secondary  structure  of  the  peptides  in  the  cytosol.  TFE,  a 
hydrophilic  and  hydrogen-bonding  solvent,  has  been  widely 
used  to  stabilize  marginally  stable  a-helical  structures  in  po¬ 
tentially  a-helical  peptides  (48,  50-53).  TFE  is  not  limited  to 
promoting  helix  formation,  since  it  has  also  been  shown  to 
stabilize  /3-turns  and  even  /3-strands  (54,  55).  Notwithstanding, 
TFE-induced  a-helical  conformation  in  fragments  of  proteins 
known  to  be  /3-sheet  in  the  native  context  has  been  documented 
156-63).  Therefore,  caution  must  be  exercised  in  inferring 


structure  from  CD  data  of  peptides  in  the  presence  of  TFE, 
particularly  with  regard  to  the  extent  that  it  represents  the 
native  structure  in  the  context  of  the  intact  protein  from  which 
the  peptide  sequences  were  selected. 

Trimeric  Coiled-coil  Model 

Theoretical  Considerations — A  model  of  one  of  the  trimeric 
conformers  of  the  selected  peptides  forming  a  coiled-coil  struc¬ 
ture  is  shown  in  Fig.  IB.  Given  the  helical  wheel  representa¬ 
tion,  residues  at  the  a-  and  rf-positions  stabilize  the  structure 
by  hydrophobic  interchain  interactions.  According  to  this 
model,  the  synaptobrevin-2  residue  Met45,  which  upon  muta¬ 
tion  inhibits  endocytosis,  would  be  located  in  the  hydrophobic 
core,  where  such  a  change  would  be  predictably  disruptive.  The 
mutations  in  syntaxin  that  reduce  its  binding  to  SNAP-25 
would  also  be  located  in  positions  a  and  d  (residues  denoted 
with  an  asterisk  in  Fig.  IB).  Interestingly,  the  cleavage  sites  for 
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Fig.  2.  CD  spectra  of  the  synthetic 
peptides  at  different  TFE  concentra¬ 
tions.  A,  SN  peptide;  B,  SB  peptide;  C,  ST 
peptide.  Spectra  were  recorded  in  10  mM 
sodium  phosphate,  pH  7.4, 100  mM  NaCl, 
in  the  presence  of  increasing  concentra¬ 
tions  of  TFE.  Peptide  concentration  was 
30  p M.  TFE  concentrations  used  were  10, 
20,  30  (*),  40,  50,  65,  and  75%. 


Wavelength  (nm) 


five  of  the  seven  BoNT  serotypes  (BoNT  A,  B,  D,  E,  and  F)  are 
found  in  the  model  peptides,  and  all  are  in  surface  locations 
potentially  accessible  to  the  BoNT  proteases. 

Interchain  interactions  of  e-  and  ^-positions  mediated  by 
charged  residues  also  contribute  to  the  stability  of  a  coiled-coil 
(64).  There  are  12  charged  residues  in  positions  e  and  g;  ac¬ 
cordingly,  inter-  or  intrahelical  ionic  interactions  could  syner- 
gistically  contribute  to  the  stability  of  the  coil  (Fig.  1C).  Polar 
residues  implanted  in  the  hydrophobic  core  are  potentially 
disruptive,  although  strategic  placement  can  facilitate  correct 
oligomerization  arrangements  (65).  In  the  model,  the  core  con¬ 
tains  only  two  charged  residues:  Arg198  (peptide  ST)  could 
establish  an  intramolecular  salt  bridge  with  either  Glu194  or 
Glu201  (Fig.  IB),  and  Arg56  (peptide  SB)  would  be  at  a  suitable 
distance  to  interact  with  the  glutamate  residues  in  position  g  of 
the  ST  peptide  and  form  an  intermolecular  linkage  (Fig.  IB). 

In  the  outer  layer  (positions  b,  c,  and  f),  14  negatively  and  3 
positively  charged  residues  would  be  exposed.  This  arrange¬ 
ment  of  negative  charges  mostly  in  the  surface  is  consistent 
with  observations  by  Regazzi  et  al.  (47)  that  substitutions  of 
negatively  charged  residues  of  synaptobrevin-2  do  not  alter 
function  (66)  (Fig.  IB). 

Circular  Dichroism  Results — In  aqueous  media,  all  peptides 
(alone  or  in  mixtures)  were  unstructured,  and  neither  increas¬ 
ing  peptide  concentration  nor  changing  pH,  ionic  strength,  or 
divalent  cation  concentration  increased  the  a-helical  content. 
Typical  single-stranded  polypeptides  generally  do  not  form  sta¬ 
ble  a-helices  in  aqueous  solution  and  require  the  additional 
stabilization  of  less  polar  solvents  (67,  68);  therefore,  we  re¬ 
sorted  to  the  use  of  the  helix-promoting  solvent  TFE. 

In  the  presence  of  increasing  concentrations  of  TFE  (Fig.  2, 
A-C),  there  was  a  significant  increase  in  the  a-helical  content. 
The  minimal  concentration  at  which  the  peptides  underwent  a 
transition  from  mostly  unstructured  to  partially  structured 
was  approximately  30%.  At  that  concentration,  the  a-helical 
contents  of  the  SNAP-25,  synaptobrevin,  and  syntaxin  peptides 
were  31.  44,  and  32%,  respectively.  At  the  maximum  concen¬ 
tration  of  TFE  used  (75%),  the  a-helical  contents  of  the  pep¬ 
tides  were  59,  87,  and  85%,  respectively.  TFE  increases  the 
a-helical  content,  while  it  disrupts  tertiary  and  quaternary 
structures  stabilized  by  hydrophobic  interactions  (69);  there¬ 
fore,  it  was  imperative  to  use  a  concentration  of  TFE  low 
enough  to  marginally  stabilize  the  secondary  structure  of  mo¬ 
nomeric  peptides  while  still  allowing  the  expression  of  tertiary 
interactions.  Notwithstanding  the  disrupting  effects  of  TFE  on 


the  tertiary  structure  of  oligomeric  complexes,  peptide-peptide 
interactions  producing  stable  oligomers  have  been  documented 
at  concentrations  of  TFE  as  high  as  50%  (70).  Interestingly,  the 
TFE  concentration  used  in  our  experiments  (30%)  has  been 
reported  to  yield  for  numerous  peptides  secondary  structures 
that  compare  favorably  with  those  of  the  native  systems 
(71-73). 

Equimolar  ternary  mixtures  SN/SB/ST  in  aqueous  solution 
showed  no  interaction  between  the  non-a-helical  peptides  (not 
shown).  In  the  presence  of  TFE,  the  spectrum  of  the  SN/SB/ST 
mixture  (Fig.  3 E,  solid  line)  was  significantly  different  from  a 
noninteracting  spectrum  (Fig.  3 E,  dashed  line)  calculated  from 
the  three  individual  CD  spectra  (Fig.  3A).  The  expected  a-he- 
licity  from  the  calculated  spectrum  was  35%,  whereas  the  a-he- 
licity  from  the  experimental  spectrum  was  46%;  i.e.  a  31%  net 
increase  over  the  predicted  value.  The  ratios  between  the  in¬ 
tensities  of  the  bands  at  222  and  208  nm  were  0.76  for  the 
calculated  and  0.80  for  the  experimental  spectrum,  respec¬ 
tively.  This  larger  &  222^208  ratio  is  consistent  with  an  increase 
in  coiling. 

The  31%  net  increase  in  helicity  observed  in  the  experimen¬ 
tal  ternary  mixture  spectrum  with  respect  to  the  prediction 
could  arise  from  the  occurrence  of  distinct  binary  complexes  in 
the  mixture.  Equimolar  binary  mixtures  SN/SB,  SN/ST,  and 
SB/ST  in  aqueous  solution  showed  no  interaction  between  the 
peptides  (not  shown).  In  the  presence  of  30%  TFE,  the  SN  and 
SB  peptides  did  not  interact  in  binary  mixtures  (Fig.  3 B).  The 
helicity  of  the  experimental  spectrum  was  identical  to  that 
predicted  by  the  noninteracting  calculated  spectrum  (36%).  In 
contrast,  spectra  from  binary  mixtures  SB/ST  (Fig.  3C)  and 
SN/ST  (Fig.  3D)  indicated  that  both  pairs  of  peptides  interact 
under  these  experimental  conditions.  In  each  case,  the  a-heli¬ 
cal  content  calculated  from  the  experimental  spectra  was 
~15%  greater  than  expected  for  a  noninteracting  mixture.  Pre¬ 
dicted  helicities  were  34  and  33%,  respectively,  for  the  SB/ST 
and  SN/ST  mixtures,  whereas  the  experimental  values  were  39 
and  38%,  i.e.  15%  higher  than  expected  for  noninteracting 
mixtures. 

Increasingly  higher  peptide  concentration  in  equimolar  mix¬ 
tures  of  the  SN,  SB,  and  ST  peptides  in  the  presence  of  30% 
TFE  (Fig.  4A)  also  results  in  an  increase  in  helicity  and  there¬ 
fore  a  stabilization  of  the  complex.  Increasing  the  individual 
peptide  concentrations  from  10  to  30  pM  results  in  an  increase 
in  helicity  from  46  to  54%.  It  is  noticeable  that  the  three  spectra 
define  a  unique  isodichroic  point,  consistent  with  the  occur- 
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Fig.  3.  CD  spectra  of  binary  and  ter¬ 
nary  mixtures  of  synthetic  peptides 
SN,  SB,  and  ST.  Experimental  ( solid 
line )  and  calculated  ( dashed  line )  nonin¬ 
teracting  spectra  are  shown  for  each  mix¬ 
ture  as  well  as  recordings  corresponding 
to  the  same  peptide  mixture  after  a  24-h 
incubation  at  5  °C.  A,  individual  spectra 
of  SN,  SB,  and  ST  peptides  used  to  deter¬ 
mine  the  calculated  noninteracting  spec¬ 
tra;  B,  SN/SB  mixture;  C,  SB/ST  mixture; 
D ,  SN/ST  mixture;  E,  SN/SB/ST  ternary 
mixture;  F,  comparison  between  the  spec¬ 
trum  of  the  ternary  mixture  after  a  24-h 
incubation  and  the  spectrum  calculated 
from  the  summation  of  the  binary  spec¬ 
tra.  Peptide  concentration  was  30  pM  for 
each  peptide.  Spectra  were  recorded  in  10 
mM  sodium  phosphate,  pH  7.4,  100  mM 
NaCl,  with  30%  TFE. 


Fig.  4.  CD  spectra  of  ternary  mix¬ 
tures  of  the  SN,  SB,  and  ST  peptides 
as  function  of  peptide  concentration 
and  ionic  strength.  A,  CD  spectra  of 
equimolar  mixtures  of  SN,  SB,  and  ST 
peptides,  at  individual  peptide  concentra¬ 
tions  of  10,  20,  and  30  pM.  Spectra  were 
recorded  in  10  mM  sodium  phosphate,  pH 
7.4,  100  mM  NaCl,  with  30%  TFE;  B,  ef¬ 
fect  of  increasingly  higher  concentrations 
of  NaCl  on  the  secondary  structure  of 
equimolar  ternary  mixtures  of  SN,  SB, 
and  ST  peptides  at  individual  peptide 
concentrations  of  30  pM.  Spectra  were  re¬ 
corded  in  10  mM  sodium  phosphate,  pH 
7.4,  30%  TFE.  NaCl  concentrations  used 
were  0.1,  0.5,  and  1  M. 


rence  of  a  single  specific  complex.  When  equimolar  ternary 
mixtures  are  exposed  to  higher  concentrations  of  NaCl  in  the 
presence  of  30%:  TFE  (Fig.  4 B),  there  is  a  remarkable  increase 
in  the  helicity  (from  55%  at  0.1  M  NaCl  to  72%  at  0.5  M  and  81% 
at  1  m).  This  feature  is  consistent  with  hydrophobic  peptide- 
peptide  interactions  as  suggested  by  the  model  (Fig.  IB).  The 


increased  a-helical  content  with  increasing  ionic  strength  is  in 
accordance  with  data  for  coiled-coil  peptides  and  can  be  ex¬ 
plained  by  the  increased  strength  of  the  hydrophobic  interac¬ 
tions  as  the  polarity  of  the  medium  is  increased  (69). 

Whereas  the  spectra  of  all  three  peptides  were  independent 
of  the  peptide  concentration  in  aqueous  solution  (Fig.  5,  A-C), 
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Pig.  5.  CD  spectra  of  the  synthetic 
peptides  at  increasingly  higher  con¬ 
centrations  in  the  absence  or  pres¬ 
ence  of  TFE.  A,  SN  peptide;  B,  SB  pep¬ 
tide;  and  C,  ST  peptide  in  aqueous 
solution.  D,  SN  peptide;  E,  SB  peptide; 
and  F,  ST  peptide  in  30%  TFE.  Peptide 
concentrations  were  30,  60,  and  90  /im, 
respectively.  Spectra  were  recorded  in  10 
mM  sodium  phosphate,  pH  7.4,  100  mil 
NaCI,  with  or  without  30%  TFE. 


in  the  presence  of  30%  TFE  the  increase  in  peptide  concentra¬ 
tion  resulted  in  a  concomitant  increase  in  the  a-helical  content, 
as  indicated  by  the  increase  in  negative  ellipticity  at  222  nm 
(Fig.  5,  D~F).  Helicity  increased  from  30  to  53%  for  SN,  from  41 
to  49%  for  SB,  and  from  35  to  51%  for  ST.  This  is  consistent 
with  the  fact  that  peptides  with  a-helical  structures  that  are 
dependent  on  dimerization  or  oligomerization  show  an  aug¬ 
mentation  of  a-helical  content  as  the  peptide  concentration  is 
increased  (74).  This  presumably  arises  because  the  equilibrium 
between  monomeric  peptide  (in  the  form  of  random  coil)  and 
coiled-coil  dimer  is  shifted  toward  the  formation  of  the  coiled- 
coil  dimer,  which  increases  the  a-helical  content  of  the  peptide 
(65). 

Higher  peptide  concentrations  induced  a  moderate  increase 
in  the  ratio  between  the  peaks  at  222  and  208  nm  (0222/02O8): 
from  0.68  to  0.78  for  SN;  from  0.75  to  0.77  for  SB;  and  from  0.88 
to  0.94  for  ST.  The  ratio  between  the  intensities  of  the  bands  at 
222  and  208  nm  may  be  regarded  as  a  measure  for  the  extent 
of  coiling  of  a-helices  around  each  other.  The  222-nm  CD  band 
is  mainly  responsive  to  the  a-helical  content,  whereas  the  band 
at  208  nm  is  sensitive  to  whether  the  a-helix  is  monomeric  or  is 
involved  in  tertiary  contacts  with  other  a-helices  (75-77). 
Therefore,  this  is  an  additional  criterion  for  the  formation  of 
stable  coiled-coil  structures.  Each  set  of  curves  defined  a 
unique  isodichroic  point,  consistent  with  a  single  monomer- 
dimer  equilibrium,  which  indicated  that  the  oligomerization 
observed  was  sequence-specific  and  presumably  stabilized  by  a 
concerted  set  of  ion  pairs  in  a  defined  spatial  arrangement. 

The  ratio  of  the  222-  to  the  208-nm  peak  is  an  operational 
index  to  detect  the  presence  of  pure  coiled-coils.  For  peptides 
stabilized  at  low  TFE  concentrations,  an  equilibrium  between 
monomeric  and  multimeric  states  is  anticipated,  resulting  in  a 
profile  intermediate  between  a  pure  coiled-coil  and  a  predom¬ 
inantly  monomeric  situation.  Given  that  the  peptides  exhibit  a 
relatively  low  a-helical  content  and  that  there  is  a  substantial 
fraction  of  peptide  in  monomeric  form,  the  formation  of  homo¬ 
meric  or  heteromeric  arrays  arising  from  interhelical  interac¬ 
tions  would  result  in  an  a-helical  content  of  the  mixtures  larger 
than  that  expected  from  a  spectrum  calculated  from  the  indi¬ 
vidual  spectra  (Fig.  3A). 

To  address  the  question  of  whether  the  increase  in  a-helicity 
observed  in  the  ternary  mixture  could  be  accounted  for  by  mere 
binary  interactions  between  the  SN,  SB,  and  ST  peptides,  the 


calculated  spectrum  predicted  from  the  sum  of  SN/ST  and 
SB/ST  interactions  was  calculated  (Fig.  3F,  dashed  line).  The 
experimental  spectrum  obtained  from  the  ternary  mixture  (Fig. 
3 F,  solid  line)  showed  an  a-helical  content  (46%)  considerably 
higher  than  expected  from  a  mixture  of  dimers  (38%),  suggest¬ 
ing  the  presence  of  ternary  or  higher  order  interactions. 

The  specificity  of  the  interactions  observed  in  binary  mix¬ 
tures  was  tested  using  mixtures  of  the  SN,  SB,  and  ST  peptides 
with  the  SNrd  control  peptide  (Fig.  6).  The  SNRD  peptide  was 
unstructured  in  aqueous  solution,  and  in  the  presence  of  30% 
TFE  its  a-helical  content  was  similar  to  that  of  the  SN  peptide 
(spectrum  not  shown).  Equimolar  mixtures  of  SNRD  and  SN 
(SN/SNrd)  showed  no  difference  between  the  spectrum  calcu¬ 
lated  for  a  noninteracting  mixture  and  the  experimental  spec¬ 
trum  (Fig.  6A).  Similarly,  spectra  obtained  from  SB/SNjjj,  and 
ST/SNRD  binary  mixtures  showed  no  difference  with  respect  to 
the  calculated  noninteracting  spectra  (Fig.  6,  B  and  C).  The 
slight  differences  observed  in  the  figure  are  not  statistically 
significant  as  assessed  using  a  Student’s  t  test  on  the  nonfil- 
tered  spectra.  In  the  case  of  mixtures  assayed  in  the  presence 
of  30%  TFE,  the  situation  is  the  same:  there  is  no  interaction 
between  SN,  SB,  or  ST  and  the  control  peptide  (Fig.  6,  D-F). 
This  indicates  that  the  interactions  observed  upon  increasing 
peptide  concentration  or  mixing  with  other  peptides,  either  in 
binary  or  ternary  mixtures,  is  sequence-specific. 

Conclusion 

Our  study  identifies  a  minimal  entity  that  opens  a  new 
perspective  for  the  study  of  the  molecular  interactions  between 
SNAP-25,  synaptobrevin,  and  syntaxin.  Three  distinct  syn¬ 
thetic  peptides  patterned  after  the  sequences  of  the  putative 
coiled-coil-forming  domains  of  the  main  components  of  the 
docking  and  fusion  complex  self-assemble  into  a  complex  that 
exhibits  spectral  characteristics  consistent  with  a  coiled-coil 
structure.  A  synthetic  coiled-coil  ternary  complex  provides  a 
basis  for  further  developments:  1)  the  ternary  complex  appears 
suitable  for  both  crystallization  and  NMR  spectroscopy  that,  in 
due  turn,  may  yield  a  high  resolution  structure  of  the  fusion 
core  complex;  2)  it  represents  a  conceptual  framework  to  assist 
in  the  design  and  test  of  new  peptide  inhibitors  of  neurotrans¬ 
mitter  release;  3)  it  provides  leads  for  the  design  of  small 
molecule  peptidomimetic  drugs;  and  4)  it  may  be  valuable  to 
generate  specific  antibodies  to  block  neurotransmitter  release. 
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Fig.  6.  CD  spectra  of  binary  mix¬ 
tures  of  synthetic  peptides  SN,  SB, 
and  ST  and  the  control  peptide  SNrd. 
A,  SN/SNrd  mixture;  B,  SB/SNRD  mix¬ 
ture;  and  C,  ST/SNrd  mixture  in  aqueous 
solution.  D,  SN/SNrd  mixture;  E,  SB/ 
SNrd;  and  F,  SB/SNRD  mixture  in  30% 
TFE.  Experimental  ( solid  line )  and  calcu¬ 
lated  ( dashed  line )  noninteracting  spectra 
are  shown  for  each  binary  mixture.  Pep¬ 
tide  concentration  was  30  fx M.  Spectra 
were  recorded  in  10  mM  sodium  phos¬ 
phate,  pH  7.4, 100  mM  NaCl,  with  or  with¬ 
out  30%  TFE. 


Indeed,  the  synthetic  peptides  that,  as  shown  here,  participate 
in  the  assembly  of  the  ternay  complex  in  fact  mimic  the  action 
of  Clostridial  neurotoxins  (40,  43).  Therefore,  our  findings  may 
lead  to  the  development  of  peptide-based  agents  that  may  be 
used  as  potential  therapy  in  spastic  neuromuscular  disorders, 
substituting  or  complementing  the  current  treatment  with 
BoNTs. 

Acknowledgments — We  thank  Professor  Murray  Goodman  and  Dr. 
Joseph  Taulane  for  the  use  of  the  Cary  61  CD  spectrometer  and  Dr. 
Susan  S.  Taylor  for  the  use  of  the  AVIV  202  CD  spectrometer. 

Note  Added  in  Proof— After  submission  of  this  manuscript,  two  pa¬ 
pers  reported  the  structure  of  the  SNARE  complex  as  a  parallel  four- 
helix  bundle  determined  by  x-ray  crystallography  (Sutton  R.  B., 
Fasshauer,  D.,  Jahn,  R.,  and  Brunger,  A.  T.  (1998)  Nature  395,  347- 
353)  and  by  electron  paramagnetic  resonance  spectroscopy  (Poirier,  M. 
A.,  Xiao,  W.,  Macosko,  J.  C.,  Chan,  C.,  Shin,  Y.-K.,  and  Bennett,  M.  K. 
(1998)  Nat.  Struct.  Biol.  5,  765—769).  The  results  of  our  study  are 
consistent  with  the  high  resolution  structure  of  the  SNARE  complex. 
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34.13 

APPLICATION  Or  CO*.' Si  NED  FLUORESCED  IN  SITU  HVsROZATION  AND 
IMMUNOCYTOC-EWISTRY  TO  DETERMINE  EFFICIENCY  0=  SENE  TRANSFER  MEDIATED  BY 
A  HERPES  SIMPLEX  VIRUS  AMPUCON  VECTOR  DJ  Tsai/  CR  Czawa1  and  RM 
Sapoisky15*.  ’Creoartment  of  Biological  Sciences,  Saitoh  University  a~>2  :Neurosciences 
Program,  Slanfvr  Universcy  Medea!  School.  Stanton  CA  ;4305 

We  have  adactsd  fluorescent  hi  srfu  hybricSzafio"  FtS-r  and  iromjnKpchenwty  (ICC) 
for  co-detectior  transge-res  and  their  products  trs“s*erre5  Dy  a  oe'ectvs  -rerpes  Simplex 
Virus  (HSV)  arocon  vector  into  a  host  cell  Utotg  secarate  fijysscant  labels  (i.e. 
rhodamne,  f-crescein,  and  4’-6-diamidino-2-r"en/  -  oole  pAR‘.  and  confocal 
microscopy,  we  were  able  tc  simultaneously  deter  ransjenes.  the..'  p'icjcts,  and  their 
locations  relate  to  the  rutrear  compartment  of  a  sngie  'Ml  Detecw*  c'  'eporter  genes 
(ie  IszZ)  and  trre*  encode:  proteins  (i  e  p-galactos :ase:  was  accwnpjnea  in  both  mixed 
rat  hippocampa  cu'tures  and  /ft  vivo  expenments  o'  re  dentate  gyrus  s'  re‘4  This  method 
provides  an  alts’r.ative  tc  cu'-ent  titering  protocols  rased  solely  on  rwacytochemistry. 
which  cannot  be  applied  t:  inducible  systems  in  «r  :h  transgene  ecress  on  is  normally 
quiescent  and  does  not  account  for  infested  cells  that  fait  tb  express  prs:e.r  By  using  FISH 
to  titer  we  are  a>e  to  obta.n  a  more  comprehensne  assessment  of  tre  agency  of  gene 
transfer  into  cei  s 

In  gene  there:*,  applications  employing  HSV  amp  son  .ectors  a  pre.a  .ng  problem  is 
downregulation  of  transgene  expression  over  ore  Past  studes  r.a,i  suggested  that 
although  protein  and  RNA  revels  rapidly  decline  .rector  D?«A  laves  w.r.n  tissue  remain 
constant  We  'are  applied  FISH  and  ICC  to  examine  f  downrejjtats-  of  transgene 
expression  in  a  sngle  cel!  correlates  with  loss  of  vests*  DtiA  from  the  nest  :ef  nucleus  or  to 
nuclear  localiza: sr  of  a  transgene  In  addition,  we  »:>  at  re  relatrensr.p  :e tween  multiple 
infections  of  the  /'at  vecto*  and  the  stability  of  tra'sgene  expression  wtnn  a  cell.  These 
studies  may  often  insight  into  the  mechanisms  by  w.  :h  ge'res  transfe-ec  by  viral  vectors 
lose  their  stabil't,  over  time 

Support  via  Howa’d  Hughes  Predoctorel  Fellowship  ::  SRC  and  N!b  RC*  *.532848, 


34.15 

CHARACTERIZATION  OF  TETRACYCLINE- SENSITIVE  GFAP  PROMOTER 
FOR  ALTORECLLATORY  GENE-EXPRESSION  IN  TRANSGENIC  RAT 
ASTROCYTES.  M.  Ban.-n,  J  Kulik.  LJ  DcGcnnaf.  SJLJLuhl-  Dcpl.  of 
Molecular  Genetics.  Wyeth- Ay  erst  Research.  Prrccum.  NJ  OS 54 5 

We  evaluated  alternate  methods  for  tctraeyeline-:nJucib)e  transgiT.se  over  expression 
in  rat  astrocyte-  The  native  human  GFAP  promoter  wav  modified  :  include  I  or  8 
copies  of  the  tet-operon  in  place  of  a  native  enhancer  element,  rendering  it 
responsive  to  tetracycline  regulation.  These  changes  were  aimed  at  reducing  hasal 
promoter  activity  and  tTA  transactivator  toxicity  while  permitting  a  large  induction 
of  expression  when  the  gene  is  released  from  let*  suppression. 

The  promoters  were  initially  studied  in  vitro  using  a  bicistromc  reporter  system 
(lucifcrasc  and  tTA  transactivator  separated  by  an  internal  ribosome  entry  site).  All  3 
promoters  showed  preferential  expression  in  glial  cells  under  basal  conditions  in  the  4 
cell  lines  that  were  tested  (C6-glioma.  CHO-KI.  SK-N-SH.  and  HT-1080). 
However.  GF.APwt  and  GFAPtetOI  promoters  retained  glial  cel!  -pecificiiy  in  the 
absence  of  doxy cydine  while  GFAPietOS  increased  significantly  in  all  cell  lines. 
Basal  promoter  activities  of  GF.APOl  and  GFAPOS  in  C6-gliom.a  five  days  after 
transfection  were  1:546  and  1:250.  respectively,  when  compared  native  GFAP. 
These  promoters  auto-induced  by  3-7  fold  in  the  absence  of  DON.  reaching  1:146  and 
1:35  the  level  of  GF.APwt.  respectively.  In  -tably  transfected  C6-gliomas. 
GFAPtetOI  showed  basal  promoter  activity  of  I  2562  and  ajior.da.ed  activity  of 
1 :500  compared  to  the  native  GFAP  promoter  after  12  day  s  of  induct;^. 

The  results  indicate  that  h  basal  GFAP  promoter  activity  can  be  reduced  without 
altering  cell  specificity  by  enhancer  modification.  2>  the  mi«dificaiion  made  here 
confers  regulation  by  doxycycline/lTA.  and  ?i  there  is  a  dose  dope-den:  relationship 
between  the  tet-operon  and  cell-specificity.  We  are  currently  evaluating  GFAP  and 
GFAPOI  promoters  in  transgenic  rats  for  glial-specific  cvp:e>oon  and  auto- 
induction. 


34.14 

INSULT-INDUCIBLE  GENE  EXPRESSION  CONFERRED  BY  A  HERPES  SIMPLEX  VIRUS 
AMPUCON  VECTOR  CONTAINING  A  SYNTHETIC  GUJCOCORTICOID-RES^ONS.N'E 
PROMOTER  C  R.  Ozawa'*.  D.Y  Ho3  and  RM.  Sapolsky'*.  Neuresciences  Prograr* ' 
Stanford  University  Medical  School,  and  Department  of  Biologica!  Sciences5.  Stanfcr: 
University.  Stanford,  CA  S4305. 

Herpes  Simplex  Virus  (HSV)  amplicon  vectors  encoding  various  trarsgenes  (i  e  glucccre 
transporter-!,  btf2)  have  previously  been  shown  to  significantly  attenuate  neuron  dereT* 
caused  by  necrotic  insults  such  as  ischemia,  hypoglycemia,  and  seizure  in  •¥. 
hippocampus.  A  limitation  to  the  utility  of  such  vectors  as  a  gene  tnerapy  strategy  *'s 
intervention  of  %  orotic  death,  however,  is  that  transcript-on  of  transgenes  is  curr err?* 
under  constitutve  rather  than  inducible  control.  A  novel  approach  to  regular; 
transgene  expression  is  to  use  stress-inducible  promoters,  so  that  the  signal  for  mduct.cn 
is  the  insult  itself. 

The  ability  of  a  synthetic  promoter  containing  glucocorticoid  responsive  elemerns 
upstream  of  a  minimal  promoter  to  respond  to  stress  signals  was  assessed  m  *r 
hippocampal  primary  cultures.  A  reporter  gene  {luc)  was  placed  under  direction  of  ~re 
promoter,  and  the  time  course  and  extent  of  luciferese  expression  induced  z* 
physiologically-re-'evant  steroid  levels  was  measured.  Maximal  induction  (approx  3C-4f 
fold  above  control)  was  achieved  two  hours  after  addition  of  steroid  concentration.! 
equivalent  to  those  triggered  in  vivo  by  necrotic  insult  (10  ‘  M,  Induction  wrei 
demonstrated  tc  be  tightly  dose- responsive  and  steroid  specific  (responsive  to  natu'S 
and  synthetic  glucocorticoids,  but  not  to  estradiol,  testosterone  or  progesterone 
Preliminary  results  in  vivo  in  rat  hippocampus  suggest  that  this  vector  may  be  induced  :  ■ 
high  circulating  concentrations  of  glucocorticoids  or  by  kaime  acid-in cjced  seizure  7-re 
neuroprotective  potential  of  these  inducible  vectors  against  necrotic  insults  is  be-*; 
examined  when  glucose  transporter-1  is  added  as  the  induced  transgene.  These  stud. re: 
will  hopefully  provide  insight  towards  clinically  applicable  treatments  for  reduction  of  bra.  * 
injury  caused  by  necrotic  insult. 

Support  via  Howa'd  Hughes  Predoctorel  Fellowship  to  CRO  and  NIH  ROt  NS32S48 
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35.1 

PEPTIDES  COMPOSED  OF  CARBOXY-TERMLNAL  DOM.ALNS  Or  SNAP-25 
BLOCK  ACETYLCHOLINE  RELEASE  AT  AN  aPLYSIA  SYS  APSE.  J.P.  Apland"1. 
J.A.  Biter*.  M.  Adler*.  A.V.  Ferrer-Montief*.  \f.  Mental2.  irsi  M.O  Filbert1. 
'Neurotoxicology  Branch,  USAMRJCD,  Aberdeen  Proving  Ground.  MD  21010-5425; 
3Dept.  of  Biology,  UCSD,  U  Jolla,  CA  92083-0366. 

Botulinum  neurotoxin  serotypes  A  and  E  (Bo NT- A  and  BoNT-E)  block 
neurotransmitter  release,  presumably  by  cleaving  SNAP-25.  A  20-a.Tur.o  acid  peptide 
called  ES'JP-A  (excitation-secretion  uncoupling  peptide)  spans  the  cleavage  site  for 
BoNT-A  and  mimics  the  carboxy-terminal  domain  of  SNAP-25  Gutierrez  et  al.  (FEBS 
Lett.  372:39,  1995)  showed  that  this  peptide  inhibited  transmitter  release  from 
permeabdized  bovine  chromaffin  cells,  apparently  by  blocking  vesicle  docking 
(Gutierrez  el  al.,1.  Biol.  Chem.  272:2634,  1997).  Two  similar  peptiies  that  span  the 
cleavage  site  for  BoNT-E.  one  with  20  amino  acids  (ESUP-E2C;  and  cne  w  ith  26  (ESUP- 
E26),  have  also  been  synthesized.  ESUP-E26  is  reported  to  be  much  more  potent  than 
is  ESLP-E20  in  chromaffin  cells.  These  peptides  were  tested  for  effects  on 
acetylcholine  (ACh)  release  at  an  identified  cholinergic  synapse  ofAphsia  neurons. 

Recordings  were  obtained  from  isolated  buccal  ganglia  of  Aphsic.  The  presynaptic 
neuron  was  stimulated  electrically  to  elicit  action  potentials.  Tbe  posisynaptic  neuron 
was  voluge-clamped,  and  evoked  inhibitory  postsynaptic  currsots  flPSCs)  were 
recorded.  ESUPs  were  pressure-injected  into  the  presynaptic  aeuron.  and  their  effects 
were  studied.  ACh  release  from  presynaptic  cells,  as  measured  by  LPSC  amplitudes, 
was  gradually  inhibited  by  tbe  peptides.  ESl'P-A,  ESUP-E20  and  ESUP-E26  all  caused 
40!?  reduction  in  IPSC  amplitude  in  2  hr.  Random-sex^jence  peptides  of  the  same 
*mino  acid  composition  as  ESUP-A  and  ESUP-E26  had  no  effect,  lniection  of  BoNT  E, 
m  contrast,  caused  about  50!?  reduction  in  IPSC  ampUtude  in  30  nun.  and  almost 
complete  inhibition  in  2  hr.  These  results  suggest  that  ESUPs  compete  with  intact 
SNAP- 25  for  binding  with  other  fusion  proteins,  thus  inhibiting  exoevtosis  of 
°eu retransmitter.  Production  of  peptide  fragments  by  BoNT-iniuced  cleavage  of 
synaptic  proteins  may  indirectly  contribute  to  inhibition  of  neurotranscuaer  release. 
Support'd  e>y  DoD . 


35.2 

INTERACTION  BETWEEN  SNAP-25  AND  SYNTAXIN  IN  CULTURED  CELLS 
CONTROLS  THE  EXPRESSION  AND  TARGETING  OF  SNARE  PROTEINS 
INVOLVED  IN  EXOCYTOSJS.  N.E.  Lc/unno.  V.  OinGno.  und  V  C.  Wilson*  Ihpt. 
of  SeuroscivnceS.  School  of  Medicine.  Univ.  oj  Sew  M<xico.  Alhuc.u  rque.  A 'M  871*1. 

Tlic  core  "S  crmpJcV  of  the  \\  nuptie  vesicle  doeking/l  uvion  maeh.rcrx  that  serves  its 
the  scaffolding  to  recruit  accosory  protein^  necessary  for  received  ext>c\ losis  is 
comprised  of  p!o>nu  membrane  proteins  SNAP-25.  Mntaxin  and  the  vesicle  protein 
VAMP.  While  SNAP-25  plavs  a  principal  role  in  the  release  of  ruunuransmi tiers  arxl 
peptides  from  neuron- and  neunxrndocrtne  cells,  it  has  been  also  implicated  in  vesicular 
trafficking  rcouT.xJ  for  neurite  extension.  (These  different  roles  of  SNAP- 25  mav  be 
played  by  develop  mentally  regulated  isolbrms:  SNAP-25b  and  SNAP-25a).  Our  studio 
were  ftvused  to  determine  whether  interactions  between  SNAP-25  jxJ  syntaxin  can 
regulate  the  expression  and  membrane  targeting  of  these  molecules.  Steady-state  levels 
of  SNAP-25  and  syntaxin  were  determined  by  immunobloiting  and  rules  of  synthois 
and  turnover  by  in  vivo  labeling  of  transfected  non-neuronal  cell  line-.  Our  results  shv*w 
that  the  steady ->Uite  level  of  both  SNAP-25  isoforms  was  greatly  reduced  by  cv»- 
expression  with  syntaxin.  Pul-e  labeling  and  chase  experiments  de::-!rL-t rated  that  this 
was  not  due  translational  regulation,  but  suggest  that  the  decrease  wes  in  part  due  jo 
rapid  turnover  ef  SNAP-25  in  presence  of  syntaxin.  When  expressed  independently,  tbe 
half-life  of  these  proteins  wa>  11-14  hr:  however  when  civ-ev  pressed  a  large  eoniponeai 
showed  an  increased  lurnovcr  rate  of  1-2  hr.  In  contrast  to  the  integral  membrane  protein 
syniaxin.  intrinsic  membrane  aswciaiion  of  SNAP-25  requires  po-xran\!aiional  lassy 
aeyljtivin.  Mutations  tlut  either  eliminate  cysteine  residues  that  serve  as  sites  cf 
palm itoylat ion  in  SNAP-25,  or  the  tram-membrane  region  ol  ‘-yniaxin.  largciy 
eliminated  the  Jecreu-ed  expression  seen  in  eo-translections.  Nevertheless,  intad 
syntaxin  was  abie  to  effectively  recruit  the  cysteine-less  SNAP-25  mutants  w 
membrane  frjctx*ns.  These  results  show  that  cellular  interaction  between  SNAP-25  and 
sy  max m  requires  both  proteins  to  he  independently  targeted  to  the  membrane  which  t* 
likely  to  be  an  important  step  in  governing  the  assembly  of  the  licking  and  fusk>«i 
machinery  required  for  neurotransin i tier  release.  (Funded  by  NIH 
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THURSDAY AM 


812.1 

A  NOVEL  PROTEIN  REQUIRED  FOR  STRORE-OPERATED 
CALCIUM  ENTRY 

Chaoxtan  Geng*,  Hung-Tat  Leung,  Young-Sc6k  Hong,  Cheniian  Li.  Lydia 
L.  R.  Strong,  and  William  L.  Pak,  Department  of  Biological  Sciences, 
Purdue  University,  West  Lafayette,  IN  47907 

The  TRP  protein  of  Drosophila  is  a  founding  member  of  a  family  of 
store-operated  calcium  channels.  Several  proteins,  including  INAD, 

PLCp,  TRPL,  calmodulin  and  probably  rhodopsin,  have  been  found  to 
form  a  multi-molecular  complex  with  TRP,  and  the  complex  seems 
necessary  for  effective  signal  transduction  in  the  fly  photoreceptors. 

We  isolated  a  new  Drosophila  mutant,  inaF,  by  P-element-mediated 
mutagenesis.  Molecular  cloning  of  the  inaF  gene  showed  that  it  encodes  a 
novel,  soluble  protein.  The  null  inaF  mutants,  isolated  by  imprecise 
excision  of  the  P  element,  exhibited  electrophysiological  phenotypes 
indistinguishable  from  null  trp  mutants  in  all  parameters  of  photoreceptor 
potential  examined.  The  results  suggest  that  in  the  absence  of  the  INAF 
protein,  the  TRP  channel  cannot  function.  We  carried  out  biochemical 
analyses  to  examine  possible  interactions  between  the  INAF  protein  and 
other  known  protein  components  of  the  phototransduction  cascade.  The 
null  inaF  mutation  seems  to  cause  a  drastic  and  specific  reduction  iii  the 
amount  of  TRP  protein  but  does  not  eliminate  the  protein.  Our  results 
suggest  that  INAF  protein  is  required  for  the  store-operated  calcium  entry 
(SOCE)  probably  by  either  directly  interacting  with  the  TRP  protein  or 
regulating  the  amount  of  TRP  protein  at  the  transcription  and  translation 
levels.  (Supported  by  NIH  Grant  EY00033  to  WLP) 


812.2 

MOLECULAR  CLONING  AND  FUNCTIONAL  EXPRESSION 
OF  RAT  STORE-OPERATED  CA2*  CHANNELS.  N.  Mizuno.1* 

H.Kurihara.1  T.  Dohi.J  ‘Dept,  of  Endodontology  and 
Peri  odontology,  Hiroshima  University  School  of  Dentistry;  2Dept. 
of  Anatomy.  Nagoya  City  University  Medical  School;  3Dept.  of 
Pharmacology,  Hiroshima  University  School  of  Dentistry; 
Hiroshima,  734-8553,  Japan. 

Capacitative  calcium  entry  (CCE)  demonstrated  in  various  cel! 
types  plays  an  important  role  in  cel!  signaling.  Depletion  of 
intracellular  Ca2*  store  activates  Ca2*  influx  from  extracellular  space 
through  plasma  membrane  channel,  called  store -operated  channel 
(SOC).  Identification  of  trp  (transient  receptor  potential)  gene  from 
Drosophila  photoreceptor  and  the  subsequent  molecular  cloning  of 
human  homologues  suggested  that  trp  or  its  related  gene  may 
participate  in  CCE  or  SOC.  In  the  present  study,  we  have  identified 
five  different  frp-related  amplifications  by  reverse-transcription- 
polymerase  chain  reaction  (RT-PCR)  from  rat  various  tissues,  and 
designated  rtrpl.3,4,5,6.  From  rat  brain  cDNA  library,  we  isolated 
two  novel  homologous,  rtrp3  and  rtrp6.  By  RT-PCR  and  in  situ 
hybridization.  mRNAs  of  rtrp3  and  rtrp6  were  found  to  be  expressed 
differently  in  brain  and  other  various  tissues.  Ca2*  entry  in  response 
to  thapsigargin-induced  store  depletion  was  demonstrated  in  COS 
cells  expressed  ratTRP3  andTRP6,  suggesting  that  trps  function  as 
SOC. 


812.3 

STORE-DEPENDENT  CALCIUM  INFLUX  IN  CULTURED  MAMMALIAN 
CENTRAL  NEURONS  V  Pinelis‘!.  D.  Favuk2.  T.  Storozhevvkh1.  N.  Andreeva3. 
L.  Khaspekov3.  O  Vergun2.  A  Lvzhin3.  N  Grigortsevich',  N  Vinskava1.  B. 
Khodorov2  ‘institute  of  Pediatrics.  2  Institute  of  General  Pathology  and 
Pathophysiology. 3  Brain  Research  Institute;  Moscow,  i  1 7963,  Russia. 

The  plasma  membrane  of  nonexcitable  cells  is  known  to  be  endowed  with  so- 
callcd  store-operated  Ca:‘  selective  channels.  The  aim  of  the  present  work  was  to 
clarify-  whether  these  channels  also  exist  in  mammalian  central  neurons. 
Experiments  were  performed  on  cultural  conical,  hippocampal  neurons  and 
cerebellar  granule  cells  toaded  with  fura-2.  Blockade  of  the  endoplasmic  reticulum 
;ER)  Ca:*  pump  was  achieved  by  cyclopiazonic  acid  (CPA.  10-30  tiM)  or 
thapsigargm  (TG,  1-5  uNfi  Applications  of  these  inhibitors  to  the  cortical  neurons 
;n  the  Ca2*  -free  medium  induced  a  transient  increase  in  the  (Ca:l„  determined  by 
Ca2*  leakage  from  ER  stores.  In  the  Ca2*  containing  medium  CPA  or  TG 
applications  induced  a  steady  [Ca2*];  increase  which  could  be  reversibly  abolished 
by  remov  al  of  external  Ca:*.  Similar  Ca2'  dependent  increase  in  [Ca3*],  during  the 
action  of  CPA  was  observed  in  almost  all  the  cortical  and  hippocampal  neurons  and 
in  about  of  50%  of  cerebellar  granule  cells.  In  order  to  clarify  whether  the  TG  or 
CPA-induced  Ca2*  influx  was  resulted  from  depletion  of  Ca2*  stores  but  not  due  to 
an  initial  increase  in  [Ca2*!.. wc  treated  nerve  cells  for  5-10  min  by  TG  or  CPA  in 
Ca2'-  free  medium.  After  such  a  treatment  inducing  depletion  of  Ca2*  stores, 
readnussion  of  Ca2*  produced  a  stable  increase  in  (Ca:*].  w  hich  could  be  reversibly 
abolished  by  removal  of  externa!  Ca2'.  These  results  strongly  suggested  that  the 
piasma  membrane  of  mammalian  central  neurons  like  the  that  of  a  wide  variety  of 
other  cells  endowed  with  Ca2'  channels  activated  by  depiction  of  intracellular  Ca3* 
stores  Ca2'  influx  via  this  pathway  ,  modulated  by  the  activity  or*  intracellular  Ca3* 
pump,  may  contribute  ;e  regulation  of  (ho  neuronal  [Ca**|.  homeostasis  under 
various  physiological  ar.i  pathophysiological  conditions  Supported  by  RFBR. 


812.4 

BOTULINUM  NELTROTOXIN  A  INHIBITS  CAPACITATIVE  Ca2' 
INFLUX  BUT  NOT  Ca2*  RELEASE  IN  XESOPUS  OOCYTES. 
Yong  Yao  \  Antonio  V.  Ferrer-Montiel2.  Mauricio  Montal2  and 
Roger  Y  Tsien1  'Dept.  Pharmacology  and  :Dept.  Biology,  University 
of  California,  San  Diego.  La  Jolla,  CA  92093-0647 

Depletion  ofCa2'  stores  by  various  means  (InsP*.  Ca2’-ATPase 
inhibitors.  Ca2'  ionophores,  Ca"'  buffers  etc  )  induces  plasma 
membrane  Ca2’  influx  in  most  non-excitab!e  cells,  but  the  coupling 
mechanism  remains  one  of  the  major  controversies  in  Ca2*  signaling 
Here  we  report  that  botulinum  neurotoxins  iBoNTs)  injection  into 
Xenopu'  oocytes  inhibit  capacitative  Ca2*  influx  (quantified  as  the  Ca: 
current  Uj  without  reducing  Ca2’  release  induced  by  InsPj  or 
ionomycin  !**  was  maximally  inhibited  by  about  50%  by  BoNT  A  at 
100  nM  i  Kj  =  13  ±  9  nM),  whereas  100  nM  BoNT  B.  E,  and  tetanus 
toxin  inhibited  I„*  at  most  20%.  BoNT  A  inhibition  ofl**  was 
noncompetitive  with  respect  to  stores  depletion  and  developed  with  a 
time  constant  of  l  .l  hr.  Subsequent  recove-,  from  BoNT  A  was  slow, 
with  about  24%  inhibition  remaining  48  hrs  after  injection.  Because 
botulin-m  neurotoxins  are  well  known  to  inhibit  exocytosis  potently 
and  specifically  by  cleaving  SNARE  proteins,  these  results  suggest 
that  components  of  the  exocytic  apparatus  may  play  a  crucial  role  in 
the  mechanism  by  which  Ca" ’-depleted  end  rlasmic  reticulum  signals 
to  the  n’asm.a  membrane 


812.5 

MUSCARINIC  ACE- v  -CHOLINE  =ECEPTC~S  -ChR;  !\  =C12D  CELLS 
REGULATE  CA.2* <  3Y  AC- 'VAT  I  MG  2  5*  \CT  S"C=E-OPERATED 
AND  RECEPTOR-C-E=  -TEC  Ca?-  CHANNELS  2  Sarie-’  T  Ebihara.  F-_ 
*  Guc  Deparirr.e-:  Ne-'cc-emistry  ==;,:/  o'  Vrtncine.  Tokyo 
Jnivers-ty  Tokyo  V-3  -scan 

We  *ave  previous  >  =-:*n  t-a-  zz:  vation  U  -  *  -ACriR  -  =C12D  cells,  a 
'apidly  aifferennatir'c  ne  c‘  :r e  rat  phecc-*c~  zcyr.cr~  a-cerived  cell  line 
=Ci  2  -ncuces  ire  ;  smarce  Ca2*  f*:~  -t'ace1 ..  =*  stores  and  a 
subsecuent  sustame:  -'.ux  c‘  ex*.race!luiar  Ebiha'a  and  Saffen.  J 
Meurcc-em  1937;.  -  ■-»  crese-t  study  v/e  =C122  :e‘s  loaded  w*th 

trie  Ca: '-sensitive  “urescen!  c/e  'jra2  to  — e  pat- ways  of  mACriR- 
rimu'a'ed  Ca2*  m*  “-ese  stre  ss  reveas:  —  a:  trie  -AChR  agonist 
tarbac“3i  stimulates  2a--  Influx  cy  activate  ‘.*z  Cist-ra:  Kinds  of  Ca2* 
bnar.-e  s  1)  store-era -a*ed  Ca2  -  c-.annels  SC 22  triat  a  -  ■  also  activated 
tfrien  .rt'aceituiar  Ca:-  rrres  a re  dischargee  c>  exposure  tr  rriapsigargm.  ii) 
rerrr.ear  etc  Vn2-  c a'^e1'/  —  rateable tc  Ea;-  *0 ir.se-s.tive  to  priorbcl 
esters  v)  slow  tc  c  :se  folic*  rg  the  add  tc-  :*  the  r - CnR  antagonist 
eT0C'-e  and  2.  re:e:-:'-ae‘  . atec  Ca2*  c-a--*  s  (RCC2  that  are  i)  not 
artiva'er  by  tnaesca*;-  n-  -  g-.  y  permea:  e  tr  Ba2*  a~d  Na-  (in  the 
eose-:e  of  Ca2*..  r  rever  r /  phortc  ares  <v,  cy  inactivated 
-g  >nriaC‘t  on  r*  ”  ^CriR  ry  at'opme  ~'i  carracnc  -activated  ROCC 
are  c  s'  -c:  from  r  e:-  - :  acety  c-c;me  recectc-s  ana  a-d  N-type  Ca2* 
cnarre  s  Since  the-.  a*e  net  z-cc'ed  by  t_c-: c.'anne  .e'apamil  or  ««»- 
conct;  ‘  -  Subpo-.e: :  ■  Gra-ts  *'d—  tne  rara-rse  Mms— .  cf  Education 
‘4  C*2*91Q7  and  t79 


812.6 

THE  MISCAR1MC  Ca3*  RESPONSE,  POSIT!1'  E  FEEDBACK 
INVOLVING  NO.cCMP  AND  CNG  CHANNELS.  C.  .Vathcs*3.  A. A.  Alotisi 
and  S  H  T'r.rrnpson1.  ;Dcpt.  Biol  Sci./Hopkins  Ntrnne  Stauon.  Stanford  Univ  . 
Pacific  Crcve.  CA  93950. 2  Axon  Instruments.  Ir.c 
We  arc  studying  the  dvnamics  of  signaling  in  rerrense  to  Ml  receptor  activation 
in  ME-'.  ‘.5  mouse  neuroblastoma  cells.  Stimulr.  :*  of  IPj  production  by 
carbachci  causes  both  intracellular  Ca**  release  ar  c  ictivation  of  a  voltage 
independent  Ca''  current.  These  two  processes  ir:  coupled  via  the  NO/cGM? 
pathw  a;.  Carbachol  promotes  16-20  fold  increase  n  cGM?  within  30  see  due 
cntirelv  :c  Ca'*  dependent  activation  of  NOS  ana  r.rscquent  activation  of  guar;.  1. 1 
cyclase  cGM?  directly  activates  a  47  pS  channe  *.  inside -cut  patches  with 
proper.. cs  similar  to  channels  in  sensory  cells  7: ;  relationship  between  cG.V? 
cone  arc  channel  opening  is  fit  by  the  Hill  equal.:-,  assuming  =  IO  jiM  and 
H:ll  cc-: :T  =2  CAMP  fails  to  activate  The  Ca''  c-“cnt  turns  on  more  slowly,  than 
Ca:'  rcL.se.  lagging  behind  the  measured  dcplc.  of  the  I?}  releasable  Ca:‘  pc-cl. 
but  it  acv-ates  in  parall-.-l  with  cGM?  producticr-  -ensured  in  individual  cells 
with  a  r.’.ch  cramming  method,  and  nitrite  accur  _atton  which  was  used  as  a 
measure  NO  production  in  p!.r.e  assay  s  Ca2'  .r.'ux  is  responsible  for  60% 
cGM?  r reduction  but  makes  little  contribution  t:  ae  volume  averaged  Ca2'  srerai. 
tndicar.ra  that  CNG  channels  ar.d  SOS  may  be  :  >  realized  The  activation  of 
CNG  ca  rrels  by  this  route  is  necessary  to  refi i ' .  t  !Pj  sensitive  Ca2’  poo!  dureg 
repet.:.- c  s::mu!ation.  drmonstratrr.g  that  the  S'*  •— :GN(P—»CNG  channel  parr  ■» ay 
plays  a  cr  '.rcal  role  in  Ca*’  homecstasis.  Becaus;  Ti2*  enL-y  effectively  prom.c'.cs 
funh.-r  ,-2M?  production,  the  system  is  prane  t: :  strive  feedback.  This  pos::.-c 
feedt.:CN  r.:e-:hanism  may  explain  the  large  and  r::  i  increases  in  cGMP  tlut  c«ccur 
in  near.  •  m  the  cercbeiluin.  the  iusnl  forebra::  _.a  in  sympathetic  ganglia 
iSuppt.  r..d  oy  NSF  and  AHA). 
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Abstract 

Glutamate  receptor  channels  of  the  NMDA-type  (A-methyl-D-aspartate)  and  non-NMDA-type  (GluR)  differ  in  their  pore 
properties.  The  N-site  in  the  M2  transmembrane  segment  of  NMDA  receptors  (NMDAR),  or  the  corresponding  Q/R-site  in 
GluRs,  is  a  pivotal  structural  determinant  of  their  permeation  and  blockade  characteristics.  Substitutions  at  a  second  site  in  M2, 
the  L-site  (L577)  in  GluRl,  drastically  alter  the  receptor  selectivity  to  divalent  cations.  Here  we  report  that  M2  mutants  carrying 
an  asparagine  or  a  threonine  residue  at  the  Q-site  of  GluRl,  along  with  a  tryptophan  residue  at  the  L-site,  form  homomeric 
GluRl  channels  that  are  highly  sensitive  to  structurally  diverse,  uncompetitive  NMDA  antagonists  such  as  arylcyclohexylamines, 
dibenzocycloheptenimines,  and  to  morphinian  and  adamantane  derivatives.  Analysis  of  the  voltage  dependence  of  channel 
blockade  locates  the  blocker  binding  site  ~  0.65  partway  into  the  transmembrane  electric  field  in  both  GluRl  mutants  and 
NMDAR  channels.  Our  results  suggest  that  the  homomeric  GluRl  double  mutants,  L577W/Q582N  and  L577W/Q582T,  fairly 
approximate  the  pore  properties  of  the  heteromeric  NMDA  receptor  and  support  the  structural  kinship  of  their  permeation 
pathways.  ©  1998  Elsevier  Science  Ltd.  All  rights  reserved. 

Keywords:  Adamantane  derivatives;  Arylcyclohexylamines;  Dibenzocycloheptenimines;  Morphinian  derivatives;  Neuroprotectants 


1.  Introduction 

Glutamate-gated  channels,  also  known  as  ionotropic 
glutamate  receptors  mediate  excitatory  neurotransmis¬ 
sion  in  the  central  nervous  system  (CNS)  (Collingridge 
and  Lester,  1989;  Nakanishi,  1992;  Choi,  1992).  Gluta¬ 
mate  receptors  are  subclassified  into  TV-methyl-D- 
aspartate  (NMDA),  a-amino-3-hydroxy-5-methyl-4- 
isoxazole  propionate  (AMP A)  and  kainate  (KA)  recep¬ 
tors  according  to  their  pharmacology  (Hollmann  and 
Heinemann,  1994;  Nakanishi  and  Masu,  1994).  These 
receptors  are  oligomeric  proteins  and  the  existence  of 
several  subunits  of  a  given  GluR  subtype  expands  the 
structural  and  functional  diversity  of  this  receptor  fam¬ 
ily.  AMPA  receptors  may  be  either  homomeric  or 
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heteromeric  proteins  composed  of  GluRl -4  subunits, 
while  KA  receptors  are  formed  by  GluR5-7  subunits 
(Hollmann  and  Heinemann,  1994;  Nakanishi  and 
Masu,  1994).  NMDA  receptors,  in  contrast,  are  het- 
eroligomers  formed  by  the  co-assembly  of  the  ubiqui¬ 
tous  NR1  subunit  and  one  or  more  of  the  NR2 
subunits  (NR2A-D)  (Hollmann  and  Heinemann,  1994; 
Nakanishi  and  Masu,  1994).  Recently,  it  was  reported 
that  homomeric  GluRs  and  heteromeric  NMDA-gated 
channels  have  pentameric  subunit  stoichiometry  (Fer¬ 
rer-Montiel  and  Montal,  1996;  Premkumar  and  Auer¬ 
bach  1996a). 

At  variance  with  AMPA  and  KA  receptors,  the 
NMDA  receptor  is  highly  selective  to  Ca2  +  and 
blocked  by  external  Mg2-1-  in  a  voltage  dependent 
manner  (Mayer  et  al.,  1984;  Mayer  and  Westbrook, 
1987;  Ascher  and  Nowak,  1988;  lino  et  al.,  1990;  Jahr 
and  Stevens,  1993;  Kawajiri  and  Dingledine,  1993; 
Zarei  and  Dani,  1994).  The  remarkable  Ca2  + -perme¬ 
ability  of  the  NMDA  receptor  underlies  its  pivotal 
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A 


out  NMDAR  pore  GluRl  pore  GluRl 


B 


Amantadine 


Fig.  1.  (A)  Schematic  representation  of  the  presumed  locations  of  the  N/Q-site  and  the  W/L-site  in  the  putative  membrane  embedded  stretch  of 
M2  for  NMDAR  (left)  (Kuner  et  al.,  1996)  GluRl  (right)  and  the  GluRl  L577W/Q582N  mutant  (center).  Assignment  of  the  blocker  binding  site 
corresponds  to  the  constriction  of  the  pore  lumen  and  is  calibrated  according  to  5,  the  electrical  distance  from  the  entryway  (out)  to  the  binding 
site  (Fig.  4,  Eq.  (3)).  Amino  acids  within  circles  highlight  similarity;  residues  within  boxes  are  identical.  Single  letter  code  used;  numbers  indicate 
the  position  of  the  residue  in  the  deduced  amino  acid  sequence.  Nt  and  Ct  denote  N-  and  C-terminals.  (B)  Uncompetitive  NMDA  antagonists 
acting  as  open  channel  blockers.  Structural  representation  of  the  arylcyclohexylamines  PCP  and  ketamine,  the  dibenzocycloheptenimine  MK-801, 
the  morphinian  derivatives  dextrorphan  and  dextromethorphan,  and  the  adamantane  derivatives  amantadine  and  memantine. 


involvement  in  both  the  physiology  and  pathology  of 
the  CNS.  NMDA  receptors  have  been  implicated  in 
induction  of  long  term  potentiation,  a  process  associ¬ 
ated  with  learning  and  memory  (Collingridge  and 
Lester,  1989;  Jessell  and  Kandel,  1993;  Stevens,  1993). 
Prolonged  stimulation  of  these  receptors,  however, 
overloads  neurons  with  Ca2+  leading  to  neuronal 
death,  a  process  that  may  contribute  to  the  etiology  of 
several  acute  and  chronic  brain  disorders  (Collingridge 


and  Lester,  1989;  Olney,  1990;  Choi  and  Rothmann, 
1990;  Herrling,  1994).  Therefore,  the  NMDA  receptor 
is  a  key  target  for  pharmacological  intervention  in 
glutamate  excitotoxicity  processes  (Schinder  et  al., 
1996)  and  uncompetitive  NMDA  antagonists  acting  as 
open  channel  blockers  are  considered  candidates  for 
drug  development  (Huettner  and  Bean,  1988;  Chen  et 
al.,  1992;  Parsons  et  al.,  1993,  Iversen  and  Kemp,  1994; 
Parsons  et  al.,  1995;  Bresink  et  al.,  1996;  Koroshetz  and 
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Moskowitz,  1996;  Blanpied  et  al.,  1997;  McBurney, 
1997)  (Fig.  1). 

The  structural  determinants  that  specify  the  differ¬ 
ent  pore  properties  exhibited  by  GluRs  and  NMDA 
receptors  are  beginning  to  be  defined.  The  M2  seg¬ 
ment  appears  to  be  the  major  component  of  the  pore¬ 
lining  structure  (Dingledine  et  al.,  1992;  Mori  et  al., 
1992;  Burnashev  et  al.,  1992a, b;  Sakurada  et  al.,  1993; 
Ferrer-Montiel  et  al.,  1995,  1996;  Montal,  1995)  (Fig. 
1(A)).  Site  specific  mutagenesis  of  asparagine  at  posi¬ 
tion  N598  in  M2  of  NMDAR  subunits,  known  as  the 
N-site,  demonstrates  its  participation  in  Ca2  + -perme¬ 
ability,  Mg2  + -blockade,  and  drug  binding  (Mori  et 
al.,  1992;  Burnashev  et  al.,  1992b;  Sakurada  et  al., 
1993;  Ferrer-Montiel  et  al.,  1995;  Sharma  and 
Stevens,  1996;  Wollmuth  et  al.,  1996).  Likewise,  muta¬ 
tion  of  the  cor-responding  Q582  in  M2  of  GluR  (Q/R- 
site)  modulates  the  ionic  permeability  and  blockade 
properties  (Hume  et  al.,  1991;  Mishina  et  al.,  1991; 
Verdoorn  et  al.,  1991;  Dingledine  et  al.,  1992;  Jonas 
and  Burnashev,  1995;  Burnashev  et  al.,  1996).  Substi¬ 
tutions  of  L577  in  M2  of  GluRl  (L-site)  markedly 
modify  the  selectivity  to  divalent  cations  (Ferrer-Mon¬ 
tiel  et  al.,  1996).  Furthermore,  GluRl  mutant  chan¬ 
nels  carrying  a  tryptophan  in  the  L-site  and  an 
asparagine  or  theronine  at  the  Q-site  exhibited  sensi¬ 
tivity  to  block  by  phencyclidine  (PCP)  and  dizolcipine 
(MK-801),  two  uncompetitive  NMDA  antagonists 
(Ferrer-Montiel  et  al.,  1995).  The  sensitivity  to 
NMDA  receptor  channel  blockers  and  the  high  Ca2  +  - 
selectivity  suggest  that  the  GluRl  double  mutants 
L577W/Q582N  and  L577W/Q582T  may  mimic  the 
pore  lining  of  the  NMDA  receptor.  In  this  paper,  we 
pursue  the  characterization  of  this  GluRl  mutant 
channels,  hereafter  denoted  as  the  GluRl  L577W/ 
Q582N  and  L577W/Q582T  channels,  and  show  that 
these  are  blocked  by  an  array  of  structurally  diverse 
open  channel  blockers  of  the  NMDA  receptor  in  a 
voltage  dependent  manner.  Collectively,  our  results 
substantiate  the  structural  kinship  between  the  perme¬ 
ation  pathways  of  homomeric  GluRl  L577W/Q582N 
or  GluRl  L577W/Q582T  and  heteromeric  NMDAR 
channels. 


2.  Materials  and  methods 

All  the  drugs  used  were  purchased  from  Research 
Biochemicals  International  (RBI,  Natick,  MA). 

All  the  procedures  have  been  described  in  detail 
elsewhere  (Ferrer-Montiel  and  Montal,  1994;  Ferrer- 
Montiel  et  al.,  1995;  Ferrer-Montiel  and  Montal,  1996; 
Ferrer-Montiel  et  al.,  1996)  and  are  followed  accord¬ 
ingly,  unless  otherwise  indicated. 


2,1.  Site-directed  mutagenesis,  cRNA  preparation  and 
microinjection  into  Xenopus  oocytes 

GluRl  is  a  cDNA  clone  encoding  a  functional 
AMPA  receptor  from  human  brain  (Sun  et  al.,  1992). 
NR1  (Planells-Cases  et  al.,  1993)  and  NR2A  (Le 

A  NMDAR 


Memantine  Dextrorphan 


Dextromethorphan  Ketamine 


Memantine  Dextrorphan 


Dextromethorphan  Ketamine 


Fig.  2.  The  channel  activity  of  the  GluRl  L577W/Q582T  receptor  is 
inhibited  by  NMDAR  channel  blockers.  Blockade  of  the  NMDA 
receptor  (A)  and  the  GluRl  L577W/Q582T  double  mutant  (B)  by  the 
uncompetitive  NMDA  antagonists  memantine,  dextrorphan,  dex¬ 
tromethorphan  and  ketamine.  NMDA  receptors  were  activated  by 
100  pM  L-glu/20  pM  gly  and  GluRl  channels  by  500  pM  KA  in 
Ba2  + -Ringer’s  supplemented  with  100  pM  niflumic  and  flufenamic 
acids.  Evoked  currents,  indicated  as  downward  deflections,  were 
recorded  at  Vh=  —  80  mV  in  the  absence  ( —  drug)  and  presence 
(  +  drug)  of  the  inhibitors.  GluRl  L577W/Q582T  double  mutant  and 
NMDA  receptors  were  blocked  by  100  and  10  pM  blocker,  respec¬ 
tively.  Agonist  was  applied  for  the  duration  indicated  by  the  horizon¬ 
tal  bars. 
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(A)  NMDAR 


(B)GluR1(L577W/Q582T) 


Fig.  3.  Open  channel  blockers  of  the  NMDA  receptor  block  the 
GluRl  L577W/Q582T  channel  with  high  affinity.  Dose-response 
curves  for  blockade  of  NMDAR  (A)  or  GluRl  mutant  receptor  (B) 
by  uncompetitive  NMDA  antagonists.  Agonist-elicited  responses, 
measured  at  the  end  of  a  8  s  pulse,  were  normalized  with  respect  to 
those  obtained  in  the  absence  of  channel  blocker.  Current  responses 
from  the  NMDAR  were  evoked  by  100  pM  L-glu/20  pM  gly  and 
from  the  GluRl  L577W/Q582T  channel  by  500  pM  KA.  Ionic 
currents  were  recorded  at  Vh  =  —  80  mV  in  Ba2  +  -Ringer’s  (supple¬ 
mented  with  100  pM  niflumic  and  flufenamic  acids).  Solid  lines  depict 
the  best  fit  to  a  Hill  equation  (Eq.  (1)).  Open  symbols  joined  by 
dotted  line  are  corresponding  values  for  wild  type  GluRl  channels 
blocked  by  memantine.  The  IC50  values  and  Hill  coefficients  are  listed 
in  Table  1.  Values  are  given  as  mean  +  S.E.M.  with  n  —  4. 


Bourdelles  et  al.,  1994)  (kindly  provided  by  Dr  Paul 
Whiting)  are  cDNA  clones  encoding  two  subunits  of  an 
NMDA  receptor  from  human  brain.  cRNA  (5-10  ng) 
microinjection  into  oocytes,  and  site-directed  mutagene¬ 
sis  were  as  described  (Ferrer-Montiel  and  Montal, 
1994;  Ferrer-Montiel  et  al.,  1995).  GluRl  and  NR1 
mutants  were  generated  as  described  (Ferrer-Montiel  et 
al.,  1995).  Recombinant  NMDA  receptors  were  ob¬ 
tained  by  co-injection  of  NR1  or  NR1(N598Q)  or 
NR1(W593L/N598Q)  and  NR2A  subunits  at  a  ratio 
1:3  (w/w). 


2.2.  Electrophysiological  characterization  of  receptor 
mutants  in  Xenopus  oocytes 

Whole-cell  currents  were  recorded  with  a  conven¬ 
tional  two-microelectrode  voltage-clamp  amplifier  at 
20°C  (Ferrer-Montiel  and  Montal,  1994).  All  electro- 
physiological  studies  were  performed  in  Ba2  + -Ringer’s 
solution  (in  mM:  10  V-tris[hydroxymethyl]methyl-2- 
aminoethanesulfonic  acid  pH  7.4,  115  NaCl,  2.8  KC1, 
1.8  BaCl2,  0.1  flufenamic  acid,  0.1  niflumic  acid). 
GluRl  channels  were  activated  by  application  of  500 
pM  KA  in  absence  or  presence  of  increasing  concentra¬ 
tions  of  channel  blockers  at  a  holding  potential  (  Vh)  of 
—  80  mV.  NMDAR  channels  were  activated  with  100 
pM  L-glutamate  (L-glu)  supplemented  with  20  pM 
glycine.  Responses  were  normalized  with  respect  to  that 
evoked  in  absence  of  channel  blockers.  Dose-response 
curves  were  fitted  to  a  Hill  equation  (Ferrer-Montiel  et 
al.,  1995): 


4ax  /[blocker] \"H 

V  IC50  ) 

where  IC50  denotes  the  channel  blocker  concentration 
that  inhibits  half  of  the  response  obtained  in  its  absence 
(7max)  and,  nH  denotes  the  Hill  coefficient  which  is  an 
estimate  of  the  number  of  drug  binding  sites  (Levitzki, 
1984).  Experimental  data  were  fitted  to  the  Hill  equa¬ 
tion  with  a  nonlinear  least-squares  regression  algorithm 
using  MicroCal  ORIGIN  version  2.8  (Microcal, 
Amherst). 

I-  V  characteristics  were  recorded  using  a  ramp  pro¬ 
tocol  (pClamp  5.5  (Foster  City,  CA)):  oocytes  were 
depolarized  from  —  80  mV  to  40  mV  (NMDAR)  or 
from  -  100  mV  to  20  mV  (GluRl  L577W/Q582N  and 
L577W/Q582T)  in  2  s  (60  mV/s).  Leak  currents  were 
measured  in  the  absence  of  agonist  in  the  external  bath 
medium  and  subtracted  from  the  ionic  current  recorded 
in  the  presence  of  the  ligand.  To  study  the  voltage 
dependence  of  channel  block,  the  IC50  values  for  most 
of  the  blockers  were  determined  at  different  potentials 
( —  90  mV  <  V  <  —  40  mV  in  increments  of  5  mV)  and 
plotted  as  a  function  of  the  applied  voltage.  For  dex- 
trorphan,  which  showed  slow  dissociation  kinetics,  IC50 
values  were  obtained  using  a  stepwise  voltage  protocol. 

3.  Results 

3.1.  GluRl  channels  incorporating  a  tryptophan  at  the 
L-site  and  an  asparagine  or  a  threonine  at  the  Q-site 
emulate  the  sensitivity  profile  of  the  NMDA  receptor 
to  open  channel  blockers 

GluRl  L577W/Q582N  and  L577W/Q582T  channels 
display  high  sensitivity  to  PCP  and  MK-801  blockade 
suggesting  the  presence  of  a  binding  site  for  NMDAR 
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Table  1 

Channel  blockade  of  GluR  and  NMDAR  channels  by  uncompetitive  NMDA  antagonists 


Species 

Memantine 

Ketamine 

Amantadine 

Dextro-methorphan 

Dextrorphan 

IC50  (pM) 

«H 

IC50  (pM) 

«H 

IC50  (pM) 

«H 

IC50  (pM) 

«H 

IC50  (pM) 

«H 

NMDAR 

0.3  ±0.1 

0.6  ±0.1 

0.4  ±0.1 

0.7  ±0.1 

24  ±5 

0.8  ±0.1 

1.0  ±0.4 

0.7  ±0.1 

0.03  ±0.01 

0.4  ±0.1 

N598Q 

6.5  ±  2.0 

0.7  ±0.1 

12  ±  4 

0.8  ±0.1 

>250 

— 

34  ±20 

0.6  ±0.1 

26  ±5 

0.6  ±0.1 

W593L/N598Q 

10  +  2 

0.7  ±0.1 

35  ±20 

0.7  ±0.1 

>250 

— 

43  ±18 

0.7  ±0.1 

18  ±  7 

0.5  ±0.2 

GluRl 

>250 

— 

>250 

— 

NB 

— 

NB 

— 

NB 

— 

L577W/Q582N 

13+2 

0.6  ±0.1 

29  ±  1 

1.0  ±0.1 

260  ±  80 

0.7  ±0.1 

19  ±  1 

0.8  ±0.1 

14  ±  1 

0.7  ±0.1 

L577W/Q582T 

1.3  +  0.1 

0.7  ±0.1 

7  ±  1 

0.6  ±0.1 

50  ±  10 

0.6  ±0.1 

8  ±  1 

0.7  ±0.1 

8  ±  2 

0.6  ±0.1 

IC50  is  the  concentration  of  drug  necessary  to  block  half  of  the  maximal  response  elicited  by  100  pM  L-glu/20  pM  gly  (NMDAR)  or  500  pM 
kainate  (GluRl)  at  —80  mV.  IC50  and  nH  were  determined  from  the  best  fit  of  the  experimental  data  to  a  Hill  equation  (Eq.  (1)).  Values  are  given 
as  mean  ±  S.E.M.,  with  n  =  4. 

NB:  not  blocked. 


open  channel  blockers  (Ferrer-Montiel  et  al.,  1995).  To 
define  the  properties  of  this  blocker  binding  site,  we 
examined  the  sensitivity  of  both  GluRl  L577W/Q582N 
and  L577W/Q582T  channels  to  an  array  of  structurally 
diverse  NMDAR  open  channel  blockers  (Fig.  1(B)).  At 
10  pM,  memantine,  dextrorphan,  dextromethorphan 
and  ketamine  blocked  >  90%  of  agonist-evoked  current 
in  NMDAR  and  GluRl  L577W/Q582T  channels  (Fig. 
2).  Dose-response  curves  show  that  the  array  of  drugs 
assayed  blocked  NMDAR  channels  with  IC50  values 
ranging  from  0.03  to  24  pM  (Fig.  3  and  Table  1),  and 
GluRl  L577W/Q582T  (Fig.  3  and  Table  1)  and  GluRl 
L577W/Q582N  (Table  1)  channels  with  efficacies  rang¬ 
ing  from  1.0  to  265  pM.  The  Hill  coefficient  for  either 
GluRl  L577W/Q582N  or  GluRl  L577W/Q582T  and 
for  NMDAR  channels  was  <  1 .0,  consistent  with  the 
occurrence  of  a  single  binding  site  (Table  1).  Notewor¬ 
thy,  the  GluRl  double  mutant  bearing  an  asparagine  in 
place  of  a  threonine  at  the  Q-site,  L577W/Q582N, 
exhibited  2- 10-fold  lower  sensitivity  to  open  channel 
blockers  (Table  1).  This  finding  suggests  that  blocker 
binding  involves  hydrogen  bond  formation  between  the 
«H-group  of  the  drug  and  the  polar  side  chain  at  the 
Q-site.  Thus,  an  aromatic  residue  at  position  577  and  a 
hydroxyl-containing  amino  acid  at  position  582  in  M2 
appear  to  be  sufficient  to  create  GluRl  channels  that 
are  sensitive  to  blockade  by  chemically  diverse,  uncom¬ 
petitive  NMDA  antagonists,  with  apparent  affinities 
approaching  those  characteristic  of  the  NMDA 
receptor. 

To  further  examine  the  involvement  of  these  two 
positions  on  M2  in  drug  binding,  we  analyzed  the 
consequences  of  the  corresponding  mutations  in  the  M2 
segment  of  the  NR1  subunit  (Table  1).  Mutations  at 
N598  reduced  the  affinity  by  >  40-fold  indicating  that 
the  N-site  is  critical  for  drug  binding,  while  the  W-site, 
W593,  modulates  blocker  sensitivity.  Note  that  both 
positions  contributed  to  form  the  binding  pocket  for 
ketamine  (Table  1),  which  is  structurally  related  to  PCP 
(Fig.  1(B))  (Ferrer-Montiel  et  al.,  1995).  These  data 


indicate  that  the  N-site  is  a  structural  determinant  of 
channel  blockade  by  the  wide  array  of  drugs  tested. 

3.2.  The  voltage-dependent  blockade  of  GluRl 
L577W/Q582N,  GluRl  L577W/Q582T  and  NMDAR 
channels  locates  the  blocker  binding  site  at  a  similar 
‘electrical  depth’  across  the  transmembrane  pore 


Open  channel  blockers  of  the  NMDA  receptor  exert 
their  action  in  a  voltage-dependent  manner  (Huettner 
and  Bean,  1988;  Chen  et  al.,  1992).  This  property, 
together  with  their  interaction  with  residue  at  the  N-site 
(and  Q-site),  make  these  drugs  valuable  probes  to  deter¬ 
mine  the  position  of  the  receptor  site  within  the  mem¬ 
brane  electrostatic  field.  Thus,  we  next  compared  the 
voltage-dependent  drug  blockade  of  NMDAR  and 
GluRl  L577W/Q582T  channels  (Fig.  4).  To  illustrate  this 
set  of  experiments,  we  focus  on  the  voltage-dependent 
blockade  exerted  by  memantine.  As  shown,  the  drug 
reduced  the  glutamate  or  kainate-activated  currents  only 
at  negative  membrane  potential  (Fig.  4(A)  and  (B)).  This 
is  evidenced  in  Fig.  4(C)  and  (D),  where  IC50  of  meman¬ 
tine  binding  is  plotted  as  a  function  of  the  membrane 
potential.  As  the  oocyte  membrane  is  hyperpolarized,  the 
blocker  affinity  increases,  indicating  that  the  blocker 
moves  into  the  pore  electric  field.  Under  these  conditions, 
the  fraction  of  unblocked  response, /(Um)  =  7blocker//con. 
trol,  is  a  function  of  the  concentration  of  blocking  drug, 
[blocker],  and  the  applied  transmembrane  voltage,  Vm : 


f(VJ  = 


IC50(FJ 


[blocker]  TIC^FJ 


(2) 


where  IC50  ( Vm)  is  the  blocker’s  half-maximal  blockade 
at  the  transmembrane  voltage  Vm.  According  to  the 
Woodhull  model  (Woodhull,  1973),  the  IC50  of  a 
molecule  with  valence  z  binding  to  a  site  within  the 
membrane  electric  field  is  described  by  the  relation 
(Woodhull,  1973;  Ascher  and  Nowak,  1988;  Zarei  and 
Dani,  1995;  Kuner  and  Schoepfer,  1996;  Premkumar  and 
Auerbach,  1996b): 
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I C50(  VJ  =  IC5O(0  mV)  X  exp(^^  (3) 

where  IC50  (0  mV)  is  the  half-maximal  block  at  Vm  = 
0  mV,  S  is  the  location  of  the  energy  barrier  for 
block  (i.e.  the  blocker  binding  site)  expressed  as  a 
fraction  of  the  electrostatic  field  gradient  sensed  by 
the  blocking  site  (Woodhull,  1973).  RT/F  is  a  con¬ 
stant  of  value  25.3  mV  at  20°C.  Considering  the  oc¬ 
currence  of  a  single  binding  site  within  the  pore 
electric  field  and  a  negligible  multiple  ion  occupancy 
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Fig.  4.  GluRl  mutant  channels  mimic  the  voltage-dependence  of  the 
memantine  block  on  NMDAR.  Voltage  dependent  blockade  by 
memantine  of  the  NMDA  receptor  (A)  and  the  GluRl  L577W/ 
Q582T  double  mutant  (B).  Current-voltage  characteristics  of  re¬ 
sponses  elicited  by  100  pM  L-glu/20  pM  gly  (NMDA  receptor)  or  500 
pM  KA  (GluRl  mutant)  in  the  absence  (control)  or  presence  (Mem) 
of  1  pM  or  10  pM  memantine,  respectively.  Oocytes  were  held  at 
-  80  mV  (or  -  100  mV  for  the  GluRl  L577W/Q582T  mutant)  and 
depolarized  to  40  mV  (or  20  mV  for  the  GluRl  L577W/Q582T 
mutant)  in  2  s  using  a  computer-controlled  ramp  protocol 
(Pclamp5.5).  Leak  currents  were  obtained  in  the  absence  of  agonist 
and  subtracted  from  the  elicited  ionic  currents.  Traces  are  representa¬ 
tive  of  a  minimum  of  three  oocytes.  (C  and  D)  IC50  values  of 
memantine  blockade  plotted  as  a  function  of  the  applied  transmem¬ 
brane  voltage.  Solid  lines  depict  the  theoretical  fit  to  the  Woodhull 
model  with  a  single-site,  Eq.  (3).  The  parameters  of  the  best  fit  are 
reported  in  Table  2. 


of  this  site,  Eq.  (3)  may  be  used  to  estimate  the  elec¬ 
trical  distance  of  the  drug  binding  site  from  the 
mouth  of  the  channel  (Woodhull,  1973;  Mayer  et  al., 
1984;  Ascher  and  Nowak,  1988;  Zarei  and  Dani, 
1995;  Kuner  and  Schoepfer,  1996;  Kupper  et  al., 
1996;  Premkumar  and  Auerbach,  1996b).  Occurrence 
of  a  single  binding  site  is  supported  experimentally  by 
a  Hill  coefficient,  nH  <  1  (Table  1),  and  the  absence 
of  significant  multiple  ion  occupancy  at  negative 
membrane  potentials  is  evidenced  by  the  insensitivity 
of  the  apparent  blocker  affinity  to  increments  in  the 
extracellular  concentration  of  permeant  divalent 
cations  (data  not  shown).  As  illustrated  for  NMDAR 
channels  (Fig.  4(C)),  the  voltage  dependence  of  IC50 
for  the  memantine  block,  in  the  voltage  range  of  — 
80  to  —  40  mV,  is  well  described  by  Eq.  (3),  with 
6  ~  0.77  and  IC50  (0  mV)  ~3.1  pM  (Fig.  4(C),  Table 
2).  The  electrical  distance  for  memantine  binding  is 
consistent  with  that  estimated  for  Mg2  +  ,  which  also 
binds  to  the  N-site  (Ascher  and  Nowak,  1988;  Buma- 
shev  et  al.,  1992b;  Kuner  and  Schoepfer,  1996;  Kup¬ 
per  et  al.,  1996;  Premkumar  and  Auerbach,  1996b; 
Sharma  and  Stevens,  1996).  Hence,  this  analysis  indi¬ 
cates  that  memantine  traverses  partway  through  the 
membrane  electrostatic  field  to  reach  its  binding  site. 

The  GluRl  L577W/Q582T  channel  (Fig.  4(B)  and 
(D))  and  GluRl  L577W/Q582N  (data  not  shown) 
fairly  reproduced  the  voltage-dependent  blockade  ex¬ 
erted  by  memantine  on  NMDA  receptors  (Fig.  4(A) 
and  (C)):  memantine  blocked  the  KA-evoked  current 
exclusively  at  negative  membrane  potentials.  As  illus¬ 
trated  in  Fig.  4(D),  the  voltage  dependence  of  IC50  in 
the  voltage  range  of  —  90  to  —  50  mV  was  well-fitted 
by  the  Woodhull  relation  with  5  ~  0.75  and  IC50  (0 
mV)  ~  15.4  mM  (Table  2).  More  depolarized  poten¬ 
tials  produced  a  significant  deviation  of  the  experi¬ 
mental  data  from  the  Woodhull  model,  presumably 
arising  from  the  strong  inward  rectification  exhibited 
by  this  GluRl  mutant  channel.  The  similarity  of  the 
voltage-dependent  blockade  of  GluRl  L577W/Q582T 
and  NMDAR  channels  was  substantiated  by  the  data 
obtained  for  dextrorphan,  and  dextromethorphan 
(Table  2).  Intriguingly,  ketamine  blockade  of  the 
GluRl  L577W/Q582T  channel  displayed  weaker 
voltage  dependence  than  that  exhibited  by  the  NM¬ 
DAR  suggesting  the  involvement  of  other  NMDAR 
residues  and/or  subunits  in  ketamine  binding.  Taken 
together,  these  data  suggest  that  GluRl  mutant  recep¬ 
tor  fairly  approximates  the  voltage-dependent  proper¬ 
ties  of  open  channel  blockers  on  NMDA  receptors. 
Because  these  drugs  presumably  hydrogen  bond  with 
residues  at  the  N-site  and  Q-site,  these  results  imply 
that  this  key  structural  determinant  is  located  deep 
into  the  pore  electrostatic  field. 


A.V.  Ferrer-Montiel  et  al.  /  Neuropharmacology  37  (1998)  139-147 


145 


Table  2 

Electrical  distances  (5)  of  the  blockade  of  NMDAR  and  GluRl  577W/Q582T  channels  by  uncompetitive  NMDA  antagonists 


Drug 

NMDAR 

GluRl  (L577W/Q582T) 

5 

IC50  (0  mV)  (pM) 

S 

IC50  (0  mV)  (pM) 

Memantine 

0.77 

+  0.14 

3.1  +  1.6 

0.75 

+ 

0.02 

15.4  ±4.6 

Dextrorphan 

0.51 

+  0.06 

0.46  ±  0.07 

0.68 

+ 

0.05 

47.9  +  11.9 

Dextromethorphan 

0.60 

+  0.09 

4.8  ±  3.7 

0.56 

+ 

0.06 

22.7  +  5.6 

Ketamine 

0.77 

+  0.13 

4.9+  1.7 

0.24 

+ 

0.02 

46.9  ±  10.9 

Electrical  distance  (<5)  was  obtained  using  the  Woodhull  model  to  describe  the  voltage-dependent  drug  blockade.  IC50  (0  mV)  is  the  half-maximal 
block  at  Vm  =  0  mV  (Eq.  (3)). 

4.  Discussion 

4.1.  The  GluRl  L577W/Q582N  and  L577W/Q582T 
channels  emulate  the  pore  properties  of  the  heteromeric 
NMDA  receptor 

Our  findings  indicate  that  two  sites  in  the  M2  of 
GluRl  are  critical  to  create  channels  that  resemble  the 
pore  properties  of  the  NMDA  receptor.  As  summarized 
in  Table  3,  the  GluRl  L577W/Q582N  and  L577W/ 

Q582T  channels  are  blocked  by  PCP,  MK-801,  meman¬ 
tine,  ketamine,  amantadine,  dextromethorphan,  and 
dextrorphan  with  apparent  affinities  that  approximate 
those  exhibited  by  the  heteromeric  NMDA  receptor. 

The  voltage-dependence  of  drug  blockade  is  also  reca¬ 
pitulated  by  the  GluRl  L577W/Q582T  channel  (Fig.  4, 

Table  2).  The  structural  diversity  of  these  drugs,  in 


Table  3 

Pore  properties  of  NMDAR,  GluRl  L577W/Q582N  and  L577W/Q582T  channels 


NMDAR 

GluRl  (L577W/Q582N) 

GluRl  (L577W/Q582T) 

(a)  Permeation* 

Monovalent  cations 

1.2 

1.3 

1.1 

Divalent  cations 

7.0 

5.0 

4.5 

(b)  /-  V  relationship 

Linear 

Linear 

Inwardly  rectifying 

(c)  Channel  blockadeb 

Phencyclidine  (PCP) 

2.3- 10“8  M 

3.4- 10"6  M 

2.5- 10”6  M 

MK-801 

1.8  •  10-8  M 

3.8- 10-5  M 

1.6- 10-5  M 

Memantine 

0.3  - 10“6  M 

1.3  -10-5  M 

1.3- 10-6  M 

Amantadine 

2.4- 10~5  M 

26.0- 10-5  M 

5.0- 10-5  M 

Ketamine 

0.4- 10“6  M 

29.0- lO"6  M 

7.0- 10-6  M 

Dextrorphan 

3.0- 10-®  M 

14.0- 10“6  M 

8.0- 10“6  M 

Dextromethorphan 

1.0- 10^6  M 

19.0- 10“6  M 

8.0- 10“6  M 

Extracellular  Ca2+ 

1.7- 10“4  M 

1.5- 10~3  M 

>1-10-2  M 

Extracellular  Mg2+ 

1.5-10-5  M 

1.0- 10“3  M 

2.0- 10-3  M 

(d)  Blocker  binding  site' 

—  0.65 

~0.65 

-0.65 

(e)  Subunit  stoichiometry 

Pentamericd 

Pentameric" 

Pentameric' 

(f)  Oligomeric  structure 

Heteromeric 

Homomeric 

Homomeric 

a  Relative  permeabilities  to  monovalent  (PK/PNJ  and  divalent  (PcJPnz)  cations,  taken  from  Ferrer-Montiel  et  al.  (1996). 
b  Concentration  at  which  the  drug  and/or  cations  inhibited  half  of  the  maximal  agonist-activated  current. 
c  Fraction  of  the  electrostatic  field  gradient  across  the  ionic  pore  (Table  2). 
d  Value  taken  from  Premkumar  and  Auerbach  (1996a). 

'Value  taken  from  Ferrer-Montiel  and  Montal  (1996). 


conjunction  with  their  similar  blockade  properties  on 
GluRl  mutant  and  NMDAR  channels,  suggest  that  the 
permeation  pathways  of  both  receptors  may  be  similar 
with  just  two  mutations  in  M2  required  to  create 
GluRl  receptors  exhibiting  NMDA  receptor-like  pore 
properties. 

The  overall  topology  of  the  membrane  domain  of 
glutamate  receptors,  inferred  from  accessibility  analysis 
of  A-glycosylation-  or  protease-sites  used  as  specific 
tags,  suggests  that  M2  is  a  re-entrant  loop  surrounded 
by  the  transmembrane  segments  Ml,  M3  and  M4 
(Hollmann  et  al.,  1994;  Taverna  et  al.,  1994;  Bennett 
and  Dingledine,  1995;  Wo  and  Oswald,  1995;  Wo  et  al., 
1995;  Sutcliffe  et  al.,  1996).  A  proposed  secondary 
structure  of  M2  of  NR1  and  NR2A,  consists  of  an 
ascending  a -helix  at  the  N-terminal  half  and  a  descend¬ 
ing  extended  structure  at  the  C-terminal  half  (Kuner  et 
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al.,  1996).  The  N-site  is  positioned  at  the  middle  of  the 
turn  connecting  both  M2  stretches,  a  key  location  to 
control  the  permeation  properties  in  accord  with  the 
narrowest  region  of  the  pore  (Wollmuth  et  al.,  1996). 
This  location  appears  consistent  with  results  showing 
that  the  N-site  of  NR1  is  a  key  determinant  of  the  high 
Ca2  +  -permeability  and  drug  sensitivity  of  the  NMD  A 
receptor  (Mori  et  al.,  1992;  Burnashev  et  al.,  1992b; 
Sakurada  et  al.,  1993).  The  identification  of  the  Mg2  +  - 
binding  site  with  a  S  ~  0.6-0.7,  locates  the  N-site  deep 
into  the  pore  suggesting  that  the  M2  loops  around 
halfway  through  the  lipid  bilayer  (Mayer  et  al.,  1984; 
Mayer  and  Westbrook,  1987;  Ascher  and  Nowak,  1988; 
Kuner  and  Schoepfer,  1996;  Kupper  et  al.,  1996; 
Premkumar  and  Auerbach,  1996b).  Our  results  are 
compatible  with  a  deep  location  of  the  N-site  in  NMDA 
receptors  and  the  Q-site  in  GluRl,  as  evidenced  by  the 
comparable  S  ~  0.65  of  the  open  channel  blocker  bind¬ 
ing  site,  which  is  specified  by  the  residue  at  this  position 
(Table  1). 

The  role  of  the  L-site  appears  more  difficult  to 
reconcile  with  current  models  of  the  pore  lining  (Fig. 
1(A)).  The  involvement  of  the  L-site  in  pore  blockade  by 
uncompetitive  NMDA  antagonists  and  its  contribution 
to  specify  Ca2  + -selectivity  on  the  GluRl  mutant  chan¬ 
nels  suggest  that  this  position  points  into  the  channel 
lumen.  Topological  models  place  the  L-site  at  the  loop 
of  M2,  consistent  with  its  role  in  pore  properties  (Sut¬ 
cliffe  et  al.,  1996).  This  site,  however,  was  not  accessible 
to  the  sulphydryl-specific  probes  used  in  the  SCAM 
analysis,  implying  a  location  on  the  hydrophobic  surface 
of  the  proposed  a -helix,  rather  than  exposed  to  the  pore 
lumen  (Kuner  et  al.,  1996).  It  may  be  argued  that  the 
L-site  exerts  its  functional  effects  via  an  steric  mecha¬ 
nism:  An  aromatic  residue  at  this  position  may  expand 
the  pore  size.  Such  a  mechanism  could  account  for  the 
loss  of  sensitivity  to  blockade  by  external  divalent 
cations  and  the  increased  Ca2  +  -permeability  of  mutant 
channels  bearing  an  aromatic  residue  at  this  site  (Ferrer- 
Montiel  et  al.,  1996).  Although  the  SCAM  approach 
may  be  useful  to  identify  residues  exposed  to  the  luminal 
face  of  the  channel,  the  inferred  secondary  structures 
should  be  interpreted  with  caution  due  to  technical 
limitations,  especially  in  the  absence  of  protein  structure. 
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Abstract  Tyrosine  phosphorylation  of  botulinum  neurotoxins 
augments  their  proteolytic  activity  and  thermal  stability, 
suggesting  a  substantial  modification  of  the  global  protein 
conformation.  We  used  Fourier-transform  infrared  (FTIR) 
spectroscopy  to  study  changes  of  secondary  structure  and 
thermostability  of  tyrosine  phosphorylated  botulinum  neurotox¬ 
ins  A  (BoNT  A)  and  E  (BoNT  E).  Changes  in  the  conforma- 
tionally-sensitive  amide  I  band  upon  phosphorylation  indicated 
an  increase  of  the  a-helical  content  with  a  concomitant  decrease 
of  less  ordered  structures  such  as  turns  and  random  coils,  and 
without  changes  in  (3-sheet  content.  These  changes  in  secondary 
structure  were  accompanied  by  an  increase  in  the  residual  amide 
II  absorbance  band  remaining  upon  H-D  exchange,  consistent 
with  a  tighter  packing  of  the  phosphorylated  proteins.  FTIR  and 
differential  scanning  calorimetry  (DSC)  analyses  of  the  dena- 
turation  process  show  that  phosphorylated  neurotoxins  denature 
at  temperatures  higher  than  those  required  by  non-phosphoryl- 
ated  species.  These  findings  indicate  that  tyrosine  phosphoryla¬ 
tion  induced  a  transition  to  higher  order  and  that  the  more 
compact  structure  presumably  imparts  to  the  phosphorylated 
neurotoxins  the  higher  catalytic  activity  and  thermostability. 

$  1998  Federation  of  European  Biochemical  Societies. 

Key  words:  Protein  structure:  Protein  folding: 
Metalloprotease:  Fourier  transform  infrared:  Exocytosis 


1.  Introduction 

Botulinum  neurotoxin  (BoNT).  considered  the  most  potent 
neurotoxin  and  the  sole  cause  of  the  neuroparalytic  disease 
botulism,  blocks  acetylcholine  release  at  the  neuromuscular 
junction  and  thus  produces  flaccid  paralysis  in  skeletal 
mu'des  [1.2].  Because  of  the  extremely  selective  mode  of  ac¬ 
tion.  inhibition  of  neurotransmitter  release.  BoNT  is  now  an 
important  therapeutic  agent  in  the  treatment  of  several  neuro¬ 
logical  disorders  associated  with  uncontrolled  muscular  con¬ 
tractions  or  spasms  [.-]. 

B  'NT  (serotypes  A-G)  i>  produced  by  the  bacterium  Clos¬ 
tridium  botulinum  as  a  single  chain  of  150  kDa  which  under¬ 
goes  proteolytic  cleat  age  yielding  a  fully  active  dichain  pro¬ 
tein  composed  of  a  l"fl-kDa  heavy  chain  (HC)  and  a  50-kDa 
light  chain  (LC'i.  linked  by  a  disulfide  bond  The  neurotoxin 
first  binds  to  a  specific  neuronal  surface  receptor,  is  internal¬ 
ized  by  receptor-mediated  endoeytosis.  and  the  LC  is  then 
liar-located  to  the  cytosol,  where  it  acts  [i.4|.  The  LCs  are 
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Zn’2~-dependent  metalloproteases  that  selectively  cleave  pro¬ 
teins  involved  in  targeting  and  fusion  of  presynaptic  vesicles 
with  the  plasma  membrane  [1,4-6],  The  result  is  induction  of 
nerve  dysfunction  by  inhibiting  Ca2+-evoked  neurotransmitter 
release. 

The  long  lasting  paralytic  effects  exerted  by  BoNT  in  bot¬ 
ulism  or  in  its  therapeutic  application  suggest  that  these  pro¬ 
teins  are  highly  stable  inside  neurons  at  37°C.  This  stability 
contrasts  with  the  in  vitro  thermolability  of  pure  BoNT  im¬ 
plying  structural  difference(s)  between  the  in  vivo  and  in  vitro 
forms  [7.8].  Our  discovery  that  tyrosine  phosphorylation  of 
BoNTs  increases  both  their  catalytic  activity  and  thermal 
stability  [7],  suggests  that  significant  changes  in  protein  con¬ 
formation  may  ensue,  as  reported  for  the  phosphorylation  of 
other  proteins  [9],  YVe  examined  this  question  by  FTIR  spec¬ 
troscopy  to  monitor  structural  changes  produced  by  phos¬ 
phorylation  of  two  neurotoxin  serotypes,  BoNT  A  and 
BoNT  E.  and  differential  scanning  calorimetry  to  investigate 
the  effect  on  their  thermal  denaturation  process.  Tyrosine 
phosphorylation  of  BoNT  A  and  E  increased  their  a-helix 
content,  as  evidenced  from  the  conformationally-sensitive 
amide  I  bands  [10].  The  increment  in  structural  order  was 
accompanied  by  an  increase  in  the  absorbance  of  the  amide 
II  band  remaining  upon  H-D  exchange,  suggesting  that  the 
phosphorylated  neurotoxins  are  structurally  more  compact 
and  less  accessible  to  the  solvent  than  the  non-phosphorylated 
forms.  Furthermore,  the  phosphorylation-induced  structural 
change  promoted  a  stabilization  of  the  folded  proteins  that 
was  reflected  in  an  increase  in  the  temperature  at  which  the 
phosphorylated  neurotoxins  denature. 

2.  Materials  and  methods 

Deuteriurr.  oxide  iD.O.  99.9  ,,  by  atom)  was  purchased  from  Ste¬ 
rna.  Centrifugal  filter  tie.  ice  Biomax-50K  was  from  Millipore.  Bed¬ 
ford.  MA.  L’SA.  Recombinant  Src  kinase  (specific  activity  900  000  L 
met  was  from  Upstate  Biotechnology.  Lake  Placid.  NY,  USA. 

2.1.  Phospii ‘■ylati">:  oj  B  i\T  A  ami  E 

BoNT  A  and  E  were  purified  and  tyrosine  phosphorylated  as  de¬ 
scribed  [7.1 1. 12).  Bridle.  1  me  of  neurotoxins  in  500  pi  of  20  rr.M 
HEPES  (pH  '.4).  2't  mNI  MgCl...  1  rr.M  EGTA.  2  mM  dithiothreit:  i. 
0.5  mM  ATP  were  incubated  with  3o  units  of  Src  kinase  for  90  mir. 
?o"C.  Nor.-rhosph  try  luted  and  phosphorylated  neurotoxins  we; 
kept  at  — >•  'C  until  used.  Non-phosphorylated  neurotoxin  refers  t 
samples  in  which  ATP  was  omitted  Tyrosine  phosphorylation  w 
monitored  by  Western  immunoblottir.g  using  a  anti-phosphotyrosm.e 
monoclon.il  antibody  (clone  4G10.  I  Bit  as  described  [7],  To  quant:: 
tyrosine  ph  tsphoryiatior.  as  mol  Pi  mol  neurotoxin  a  40-pl  a!ic_  t 
of  the  phosphorylation  reaction  was  supplemented  with  5  uCi 
[V-r-'P]ATP  .-<XH)  C:  mmolt.  Phosphorylated  neurotoxins  were  bound 
to  phospho-rilulose  tillers  (SpinZyme.  Pierce)  and  washed  with  0.”:’ 

All  ruthts  rcserted 
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phosphoric  acid.  Phosphocellulose  filters  were  immersed  and  equili¬ 
brated  in  scintillation  fluid  and  the  radioactivity  was  counted. 

2.2.  Infrared  spectroscopy 

BoNTs  aqueous  buffer  was  exchanged  for  deuterated  buffer  by 
subjecting  the  samples  to  two  centrifugation  cycles  in  a  Biomax-50K 
filter,  followed  bv  incubation  in  D.O-based  buffer  (10  ntM  HEPES 
buffer.  pH  7.0.  130  mM  KCI.  30  mM  NaCI)  for  2  h  at  ~20°C  and. 
thereafter,  another  round  of  centrifugation  cycles.  Each  sample  of 
BoNTs  (20  pi,  at  8  mg/ml)  was  placed  between  a  pair  of  CaF>  win¬ 
dows  separated  by  a  50-pm  thick  mylar  spacer  in  a  Harrick  Ossining 
demountable  cell.  Spectra  were  recorded  on  a  Nicolet  520  instrument 
equipped  with  a  DTGS  detector  and  the  sample  chamber  was  contin¬ 
uously  purged  with  dry  air.  A  minimum  of  600  scans  per  sample  were 
taken,  averaged,  apodized  with  a  Happ-Genzel  function  and  Fourier- 
transformed  to  give  a  nominal  resolution  of  2  cm-1  [13].  Three  spec¬ 
tra  at  20°C  of  each  BoNT  sample  were  recorded.  Temperature  was 
kept  constant  with  a  circulating  water  bath.  Contribution  of  buffer 
spectra  was  subtracted  and  the  resulting  spectra  used  for  analysis. 

2.3.  Determination  of  secondary  structure  components 

Protein  secondary  structure  components  were  quantified  from 
curve-fitting  analysis  by  band  decomposition  of  the  original  amide  I 
band  after  spectra  smoothing  [14.15],  Spectrum  smoothing  was  carried 
out  applying  the  maximum  entropy  method,  assuming  that  noise  and 
bandshape  follow  a  normal  distribution  [14].  The  minimum  band¬ 
width  was  set  to  12  cm-1  [14].  The  resulting  spectra  possess  a  sig¬ 
nal/noise  ratio  better  than  4500:1.  Derivation  of  IR  spectra  was  per¬ 
formed  using  a  power  of  3.  breakpoint  of  0.3.  and  Fourier  self¬ 
deconvolution  was  performed  using  a  Lorenztian  bandwidth  of  18 
cm-:  and  a  resolution  enhancement  factor  (k)  of  2.0  [16,17],  To 
quantify  the  secondary  structure,  the  number  and  position  of  the 
absorbance  band  components  were  taken  from  the  deconvoluted  spec¬ 
tra.  the  bandwidth  was  estimated  from  the  derived  spectra,  and  the 
absorbance  height  from  the  original  spectra  [14],  The  iterative  curve¬ 
fitting  process  was  performed  in  CURVEFIT  running  under  Spectra- 
Calc  (Galactic  Industries  Corp..  Salem,  NH.  USA).  The  number, 
position  and  bandshape  were  kept  fixed  during  the  first  200  iterations. 
The  fittings  were  further  refined  by  allowing  the  band  positions  to 
vary  for  50  additional  iterations.  The  goodness  of  fit  between  exper¬ 
imental  and  theoretical  spectra  was  assessed  from  the  x 2  values 
(1  x  10-,i-4.5x  10-').  The  area  of  the  fitted  absorbance  band  compo¬ 
nents  was  used  to  calculate  the  percent  of  secondary  structure  [13-18], 

2.4.  Differential  scanning  calorimetry 

Differential  scanning  calorimetry  (DSC)  was  performed  on  a  Micro- 
ca!  MC-2  microcalorimeter,  as  described  [19],  The  difference  in  the 
heat  capacities  between  l-ml  aliquots  of  BoNTs  at  1  rr.g'ml  (contained 
in  the  'sample'  cel!  of  the  instrument)  and  buffer  alone  ('reference' 
cel! i  were  recorded  bv  raisins  the  temperature  at  a  constant  rate  of 
90=C/h. 

3.  Results  and  discussion 

3.1.  The  helical  content  of  BoSTs  increases  upon 
phosphorylation 

The  conformutionally-sensitive  amide  I  infrared  absorbance 
band  of  BoNT  A  and  E  after  tyrosine-specific  phosphoryla¬ 
tion  i  ~~ 0.5  mo’.  Pi/mol  toxin)  were  compared  with  non-phos- 


Wavenumber,  cm' 

Fig.  1.  Tyrosine  phosphorylation  modulates  the  secondary  structure 
content  of  BoNT  A  and  E.  Infrared  amide  I  band  region  of  the 
original  (A.B)  and  deconvoluted  spectra  (C.D)  of  BoNTA  (A.Ci 
and  BoNT  E  (B.D)  from  control  (solid  line)  and  tyrosine  phos- 
phorylated  samples  (dashed  line).  Neurotoxins  (8  mg/m!)  were  in 
D-0  medium  prepared  from  10  mM  HEPES,  pH  7.0,  130  mM  KCI 
and  30  mM  N'aCl.  Spectra  were  taken  at  20°C  and  corrected  from 
the  buffer  contribution  by  subtracting  the  spectrum  characteristic  of 
the  buffer.  Three  spectra  were  acquired  for  each  BoNT  sample. 
Fourier  self-deconvolution  was  carried  out  with  a  Lorentzian  band 
of  IS  cm-1  half-width,  and  a  resolution  enhancement  factor  of  2.0. 

phorylated  neurotoxins.  At  this  phosphorylation  stoichiome¬ 
try.  both  the  LC  and  HC  are  similarly  phosphorylated,  and 
the  activity  and  stability  of  the  neurotoxins  is  augmented  [7], 
The  original  and  the  deconvoluted  spectra  of  control  and 
phosphorylated  BoNTs  samples  are  shown  in  Fig.  1.  Tyrosine 
phosphorylation  of  BoNT  A  and  E  notably  affected  the  spec¬ 
tral  shape  of  the  amide  I  band  (Fig.  1,  dashed  lines).  Although 
phosphorylated  neurotoxins  show  the  maxima  observed  ir. 
non-phosphorylated  samples,  the  relative  intensities  of  specific 
bands  appear  altered,  suggesting  that  tyrosine  phosphoryla¬ 
tion  modulates  the  relative  content  of  secondary  structural 
components.  The  individual  components  may  be  discerned 
upon  application  of  resolution-enhancement  and  band-nar¬ 
rowing  techniques  [14.15].  Band-narrowing  deconvolution  of 
the  amide  I  band  showed  that  BoNT  A  and  BoNT  E  exhibit 
maxima  at  approximately  1690.  16S0.  166S.  1652,  1640.  1 63  / 
and  1615  cm-1.  Whereas  the  1615-cm-1  component  corre¬ 
sponds  to  amino  acid  side  chain  vibration,  all  the  other  max¬ 
ima  are  assigned  to  vibration  of  the  carbonyl  group  in  peptide 
bonds  within  different  secondary  structural  motifs  [10].  The 
1630-cm-'  component  is  assigned  to  [3-structure,  the  16-  - 
cm--  component  to  random  structure,  the  1652-cm-1  comp:- 
nent  to  ce-helix.  the  169'1-  and  1668-cm-1  components  :: 
turns,  and  the  16S0-cm--  band  includes  contributions  from. 


Table  1 


Der.uturation  temperatures  of  non-phosphorylated  arc  phosphorylated  BoNTs 


BoNT  A 

BoNT  E 

Control 

Phc -phorylated 

Control 

Pr.  rsphor.  lated 

T  ■  :Ct  DSC 

51.1 

53. 

50.5 

: 

T  :Ci  FT-IR 

50.5 

5?  5 

51.3 

?:  ; 

Der.a'.urati.  n  temperatures  were  obtained  from  the  DSC  thermograms  us  the  temperature  at  which  the  transit:, m  endotherm  peaks  [2'.2\ 
Be.  a  use  of  the  need  of  large  amounts  of  protein  for  DSC  analysis,  measures  correspond  to  a  single  experiment. 

Der.a’.uratton  temperatures  correspond  to  the  index: .  r.  point  of  the  sigmoidal  c.rve  obtained  when  the  ch._r.ges  in  the  width  at  half-height  of  :.- : 
amide  I  ab.-orbar.ee  band  are  plotted  as  a  function  o:  '..re  temperature  (Fig.  4).  Values  correspond  to  three  inurrenclen:  measurements.  Experiment- 
error  —  1 1  # 
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turns  as  well  as  from  the  (O.it)  P-sheet  vibration  band  [10,20- 
22].  The  secondary  structures  of  non-phosphorylated  and 
phosphorylated  BoNTs  were  quantified  using  a  maximum  en¬ 
tropy  method  that  reduces  spectral  noise  providing  a  more 
accurate  estimate  of  secondary  structure  [14,15],  Fig.  2  illus¬ 
trates  band-fitting  analysis  of  the  original  amide  I  band  of 
non-phosphorylated  BoNT  A  (Fig.  2A)  and  BoNT  E  (Fig. 
2B)  and  the  corresponding  phosphorylated  species  (Fig. 
2C.D).  Note  that  BoNT  A  shows  a  higher  content  of  a-helix 
than  BoNT  E  (Fig.  2E),  consistent  with  other  reports  [23]. 
Upon  phosphorylation,  the  a-helix  content  of  BoNT  A  in¬ 
creased  from  36%  to  50%  (Fig.  2E),  and  for  BoNT  E  it  aug¬ 
mented  from  26%  to  43%  (Fig.  2E).  This  increment  in  a-hel- 
ical  structure  was  concomitant  with  a  =40%  decrease  in  less 
ordered  structures  such  as  turns  (1668  cm-1)  and/or  random 
coils  (1640  cm-1),  without  altering  the  P-sheet  content  (Fig. 
2E).  Therefore,  these  findings  indicate  that  tyrosine  phospho¬ 
rylation  promotes  a  ’disorder-to-order  transition  in  the  neuro¬ 
toxin  structure. 


Wavenumber,  car1  Wavenumber,  cm* 


Fig.  2.  Tyrohne  phosphorylation  mere.;',-'  t::;  percent  of  a-heli\ 
secondary  structure.  Band-fitting  analyst'  of  the  infrared  amide  I 
band  of  BoNT  A  (A.C)  and  BoNT  Fi  (B.D-  from  control  (A.B)  and 
phosphorylated  samples  (C.D).  Each  pare  'hows  representative  re¬ 
sult?  from  bund-fitting  analysis  of  BoNT-  -ecordury  structure.  The 
discontinuous  trace,  superimposed  on  the  original  spectra,  denotes 
the  theoretical  curve  resulting  from  the  c,  -.tribe::-:  r.  of  all  individual 
components,  which  are  displayed  as  gait"..;::  d:-:r:butions  under  the 
spectra.  E:  Calculated  percentages  of  ...  deferent  components  of 
the  secondary  structure  of  control  arc  :y rosins  phosphorylated 
BoNT  A  and  BoNT  E.  Secondary  sir-...:. .re  elements  were  calcu¬ 
lated  by  band  decomposition  and  curve-:.::  rc  the  original  amide 
I  band  after  spectra  smoothing  [  1  — . :  5 1.  <  :  .  editions  were  as  in 

legend  to  Fie.  1. 


Fig.  3.  Tyrosine  phosphorylation  of  BoNT  A  and  E  promotes 
tighter  packing.  Phosphorylation-dependent  changes  in  the  amide  II 
(1595-1525  cm-1  region)  band  of  BoNT  A  (A)  and  BoNT  E  (Bj  re¬ 
maining  upon  Fl-D  exchange.  Solid  lines  denote  non-phosphorylated 
samples,  and  dashed  lines  indicate  tyrosine-phosphorvlated  proteins. 
Fl-D  exchange  was  carried  out  by  2-h  incubation  of  samples  in 
DjO-based  buffer  followed  by  two  washes  with  Biomax-50K  centri¬ 
fugal  filters.  The  IR  spectra  were  recorded  in  D_>0  medium  at  the 
indicated  temperatures  during  a  heating  cycle  of  2.5  h.  Protein  con¬ 
centration  was  8  mg/ml.  Contribution  of  buffer  spectrum  was  sub¬ 
tracted. 


3.2.  The  compactness  of  the  BoNTs  increases  upon 
phosphorylation 

The  amide  II  band  in  proteins  originates  primarily  from  N- 
H  bending  in  the  peptide  backbone  [24,25].  Its  residual  inten¬ 
sity  remaining  after  DL>0  exchange  arises  from  those  NH 
groups  unable  to  undergo  H-D  exchange  and.  therefore,  i: 
reports  on  the  inaccessibility  of  the  protein  core  to  the  solvent 
which,  in  turn,  indicates  the  compactness  of  the  protein 
[24.25].  Replacement  of  EDO  by  D>0  from  the  non-phos- 
phorylated  neurotoxin  resulted  in  the  virtual  disappearance 
of  the  amide  II  absorbance  band  centered  at  1550  cm-: 
(Fig.  3,  lower  panels,  solid  lines).  Phosphorylated  species, 
however,  exhibited  a  substantial  residual  amide  II  band  ab¬ 
sorbance  (Fig.  3,  lower  panels,  dashed  lines),  which  parti;, 
remained  even  after  heating  at  70°C  (Fig.  3,  upper  panels 
These  results  indicate  a  hindrance  of  H-D  exchange  in  ph:s- 
phorylated  BoNTs.  presumably  because  of  the  increased  com¬ 
pactness  of  the  structure.  Taken  together,  the  spectral  change? 
in  the  amide  1  and  the  amide  II  upon  phosphorylation  sugge-t 
that  the  non-exchangeable  hydrogens  correspond  to  those  in¬ 
volved  in  the  newly  generated  a-helical  structure. 

5.5  The  thermal  stability  .4'  BoNTs  increases  upon 
phosphorylation 

Non-phosphorylated  neurotoxins  displayed  minor  altera¬ 
tions  on  the  spectral  shape  of  the  amide  I  band  upon  increa-- 
ing  the  temperature  up  to  70°C  (Fig.  4.  solid  lines).  In  c  in¬ 
trust.  for  tyrosine-phosphorvlated  BoNTs  the  appearance  . 
two  components  at  1618  and  16S5  cm-1  (Fig.  4.  dashed  line? 
which  correspond  to  interactions  between  extended  chair, 
was  detected.  This  observation  has  been  interpreted  as  a  c :  n - 
sequence  of  aggregation  of  thermally  unfolded  protein 
[13,25-27],  The  heat-induced  denaturation  process  was  :mr- 
versible  as  evidenced  by  the  lack  of  recovery  of  the  ir.::._ 
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2-3°C  of  the  melting  temperature  (Table  1).  These  findings 
indicate  that  tyrosine  phosphorylation  of  botulinum  neuro¬ 
toxins  induces  a  conformation  characterized  by  higher  ther¬ 
mostability. 

3.4.  Structural  basis  of  the  functioned  modulation  of  BoNTs  by 
tyrosine  phosphorylation 

Our  findings  show  that  tyrosine  phosphorylation  induces  a 
disorder-to-order  structural  transition  characterized  by  a  sig¬ 
nificant  increase  in  a-helieal  content  with  a  decrease  in  less 
ordered  structures.  Consequently,  phosphorylated  BoNTs  ex¬ 
hibit  tighter  packing  than  the  non-phosphorylated  species  and 
denature  at  temperatures  higher  than  those  required  for  non- 
phosphorylated  neurotoxins.  The  induction  of  structural  order 
favors  side  chain  interactions  by  hydrogen  bond  formation, 
an  enthalpic  gain.  Higher  order  also  augments  the  compact¬ 
ness  of  the  protein,  which  presumably  decreases  the  number 
of  cavities,  an  entropic  gain  [9.29].  This  mechanism  to  increase 
protein  stability  resembles  that  proposed  to  account  for  the 
extreme  stability  of  thermophile  enzymes,  which  are  highly 
ordered  and  tightly  packed  structures  [30],  We  suggest  that 
the  more  compact  structure  may  account  for  the  augmenta¬ 
tion  of  the  LC  catalytic  activity  produced  by  tyrosine  phos¬ 
phorylation  [?].  However,  we  cannot  exclude  a  contribution  of 
the  HC  to  the  structural  changes  observed  in  this  study. 
Hence,  additional  studies  are  needed  to  determine  the  struc¬ 
tural  modulation  of  each  neurotoxin  chain  by  tyrosine  phos¬ 
phorylation. 


Fig.  4.  Tyrosine  phosphorylation  increases  the  thermostability  of 
BoNT  A  and  BoNT  E.  Temperature  dependence  of  the  amide  I 
band  of  BoNT  A  (A)  and  BoNT  E  (B)  for  control  (solid  line)  and 
phosphorylated  (dashed  line)  proteins.  1R  spectra  were  recorded  in 
D-O  medium  at  the  indicated  temperatures  during  a  heating  cycle 
of  2.5  h.  C:  To  determine  the  denaturing  temperature,  changes  in 
the  width  at  half-height  of  the  amide  I  band  were  measured,  nor¬ 
malized  and  plotted  as  a  function  of  the  temperature  at  which  the 
spectrum  was  recorded.  The  data  were  described  by  the  logistic 
equation: 


where  x  denotes  the  width  at  half-height  of  the  amide  I  band.  u-..:ax 
the  maximal  width  at  half-height,  n  the  slope  of  the  sigmoid.  T  the 
temperature,  and  T, i  the  denaturing  temperature  which  corresponds 
to  the  inflexion  point  of  the  sigmoidal  curve.  Experimental  data 
were  fitted  to  the  logistic  equation  with  a  non-linear  least-squares 
regression  algorithm  using  MicroCa!  ORIGIN  version  2.8  (Micro- 
ca!.  Amherst).  Solid  lines  depict  the  best  fit  to  a  sigmoidal  curve. 
Denar-ring  temperatures  are  listed  in  Table  1. 


.  spectral  shape  upon  cooling  the  heated  samples  back  to  20=C 
(data  not  shown). 

The  temperature-dependent  changes  in  the  width  at  half- 
height  of  the  amide  1  IR  band,  plotted  as  a  function  of  the 
temperature,  display  a  sigmoidal  shape  with  an  inflexion  point 
that  corresponds  to  the  denaturation  temperature  (Fig.  4C) 
[27],  Accordingly.  BoNT  A  was  found  to  denaturate  at 
50.5:C  and  BoNT  E  at  51. PC.  while  phosphorylated  BoNT 
.A  denatured  at  53.5‘C.  and  BoNT  E  at  55. PC.  i.e.  3-5:C 
higher  than  non-phosphorylated  neurotoxins  < Fig.  4C).  The 
incre^ed  thermal  stability  was  also  detected  by  DSC.  which 
mear-res  directly  the  energetics  of  the  heat-induced  denatura- 
tion  2 S ] .  DSC  demonstrated  that  phosphorylation  induced  a 
thermal  stabilization,  which  was  manifested  as  an  increase  of 
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Conformational  Changes  of  a  Channel-Forming  Peptide  from  the 
Translocation  Domain  of  Botulinum  Neurotoxin  as  Detected  by 
Circular  Dichroism  Michael  P.  Byrne,  Mauricio  Montal,  Jaume  Canaves, 
and  Frank  J.  Lebeda.  USAMRIID 

A  channel-forming  peptide  from  the  translocation  domain  of  botulinum  neu- 
rotoxin  serotype  A  (residues  659-681)  (Montal  et  ah,  1992  FEBS,  313:12-18) 
was  investigated  by  circular  dichroism.  When  the  peptide  was  titrated  with  the 
helix-stabilizing  reagent  2,2,2-triftuoroethanol  (TFE)  from  10-60%  at  pH  7.0, 
the  secondary  structure  changed  from  primarily  random  coil  with  some  beta- 
sheet  to  a  mixture  of  beta-sheet  and  helix.  The  resulting  set  of  titration  spectra 
revealed  a  lack  of  an  isodichroic  point,  suggesting  this  peptide  may  be  obey¬ 
ing  a  multistate  folding  mechanism.  However,  at  pH  3.3,  the  peptide  adopted 
primarily  a  beta-sheet  conformation  at  TFE  concentrations  below  30%,  but 
at  40%  TFE  an  abrupt  conformational  change  occurred  revealing  the  peptide 
had  adopted  a  primarily  helical  structure.  To  determine  the  effect  of  pH  on 
conformational  change  of  this  peptide,  a  pH  titration  was  perfomed.  Results 
showed  the  peptide  changed  conformation  from  primarily  random  coil  to  pri¬ 
marily  beta-sheet  at  approximately  pH  6.0.  This  set  of  spectra  revealed  an 
isodichroic  point  at  211  nm  suggesting  that  under  these  conditions  the  peptide 
is  following  a  two-state  transition  from  coil  to  beta-sheet.  The  charged  residues 
present  in  the  peptide  are  two  glutamates  u'hose  pKas  as  free  amino  acids  in 
aqueous  solutions  are  3.5-4.  Since  the  transition  occurred  at  pH  6,  the  gluta¬ 
mate  residues  may  reside  in  a  hydrophobic  environment.  Because  this  peptide 
is  only  23  amino  acids  long,  it  can  be  reasoned  that  the  beta-sheet  structure 
formed  was  caused  by  intermolecular  interactions  due  to  peptide  association. 


CRYSTALLIZATION  AND  MAD-PHASING  OF  THE 
FUNCTIONAL  DOMAINS  OF  APOLIPOPROTEIN  E  M.Forstner. 
C.Peters-Libeu.  B.Segelke,  S.Trakhanov.  M. Knapp,  Y.Newhouse. 
K.Weisgraber,  B.Rupp.  Lawrence  Livermore  Laboratory  and  Gladstone  Inst, 
for  Cardiovascular  Disease  * 

Apolipoprotein  E  (apoE)  plays  a  key  role  in  cholesterol  metabolism  serving  as 
a  ligand  for  members  of  the  low-density  lipoprotein  (LDL)  receptor  family.  Ge¬ 
netic  variants  of  apoE  are  associated  with  both  atherosclerosis  and  Alzheimer’s 
disease.  Thus,  two  of  the  most  prominent  causes  of  death  in  Western  society  are 
linked  to  this  molecule.  We  have  investigated  the  structures  of  the  wild- type 
apolipoprotein  (apoE3)  and  fragments  of  the  protein,  corresponding  to  the  N- 
and  the  C-terminal  structural  domains  (22k  and  10k,  respectively).  The  22k 
domain  contains  the  LDL  receptor-binding  domain,  whereas  the  10k  domain 
contains  the  major  lipid-binding  elements  and  is  responsible  for  the  oligomeri¬ 
sation  of  apoE,  which  exists  as  a  tetramer  in  the  lipid-free  state.  AH  proteins 
were  obtained  as  recombinant  native  and  seleno-methionine  containing  proteins 
for  use  in  MAD-phasing.  Crystallization  trials  routinely  employed  the  hanging 
drop  vapor  diffusion  method  at  room  temperature  or  4°C.  Thus  far,  we  have 
obtained  diffraction  quality  crystals  of  the  22k  domain  of  the  three  common 
isoforms  (apoE2.  E3  and  E4),  improving  on  the  resolution  of  existing  data  sets, 
and  several  mutants  that  display  LDL  receptor- binding  defects.  The  structures 
of  apoE3  and  apoE2(D154A)  have  been  solved  and  the  other  structures  are 
currently  in  different  stages  of  refinement.  Two  different  variants  of  the  10k 
C-terminal  fragment  have  also  been  crystallized  and  diffraction  quality  crystals 
have  been  obtained. 
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NMR  STRUCTURE  AND  BACKBONE  DYNAMICS  OF  THE 
CX3C  CHEMOKINE  DOMAIN  OF  FRACTALKINE 
Laura  S.  Mizoue.  J.  Fernando  Bazan.  and  Tracy  M.  Handel.  l\  C.  Berkeley, 
Berkeley,  C A  94720 

Chemokines  (chemoattractant  cytokines)  help  direct  the  migration  of  leuko¬ 
cytes  in  the  immune  response  and  are  believed  to  play  key  roles  in  both  normal 
host  defense  and  the  pathogenesis  of  a  variety  of  diseases  including  cancer, 
atherosclerosis,  abnormal  inflammation,  and  AIDS.  Most  chemokines  are  small 
(8-12  kDa),  secreted  proteins  that  belong  to  one  of  3  classes  (CXC,  CC,  or  C  ■ 
depending  on  the  number  and  arrangement  of  N-terminal  cysteines.  Recently,  a 
fourth  type  of  human  chemokine  was  identified.  The  protein,  called  fractalkine 
has  a  unique  CX3C  spacing  of  the  characteristic  motif  and  is  membrane-bound 
with  a  chemokine  module  attached  to  the  membrane  via  an  extended  mucin- 
like  stalk.  We  have  determined  the  solution  structure  and  backbone  dynamics 
of  the  N-terminal  chemokine  domain  (residues  1-76)  of  fractalkine  using  mul¬ 
tidimensional.  heteronuclear  NMR  spectroscopy.  We  show  that  the  protein  is 
monomeric  and  compare  its  structure  to  those  from  both  CXC  and  CC  families. 
Our  results  show  that  the  small  difference  in  cysteine  spacing  leads  to  distinct 
structural  differences  for  this  chemokine  family. 


PROTEOLYTIC  STUDIES  INDICATE  NOVEL  TOPOLOGY  FOR 
THE  GLYCINE  RECEPTOR.  John  Leite. 

Andrew  Amoscato  and  Michael  Cascio.  University  of  Pittsburgh  School  of 
Medicine,  Pittsburgh,  Pa  15219 

The  glycine  receptor  (GlyR),  an  inhibitory  neurotransmitter  receptor,  is  a 
member  of  the  ligand-gated  channel  superfamily.  The  current  topological  model 
for  GlyR  postulates  a  large  extracellular  N-terminal  domain  and  four  transmem¬ 
brane  a-helices.  Recent  circular  dichroism  analysis  (Cascio  et  a/.,  submitted) 
estimates  the  a-helical  content  of  GlyR  to  be  significantly  lower  than  that 
required  by  this  model.  This  study  tests  the  current  topological  model  by 
limited  proteolysis.  Homomeric  channels  composed  of  GlyR  a  subunits  were 
overexpressed  using  a  baculovirus  system,  purified  and  reconstituted  into  lipid 
vesicles  of  defined  composition.  Proteolytic  enzymes  were  used  to  probe  GlyR 
for  regions  susceptible  to  cleavage,  followed  by  ultracentrifugation  to  separate 
soluble  from  membrane-associated  peptides.  Digests  were  analyzed  by  a  combi¬ 
nation  of  mass  spectrometry  (MS)  techniques  including  MALDI-TOF,  capillary 
reverse-phase  HPLC  on-line  with  electrospray  ionization  MS  and  tandem  MS. 
The  analysis  has  yielded  a  wealth  of  peptides  which  were  assigned  to  the  GlyR 
amino  acid  sequence  by  molecular  mass.  Assignments  were  confirmed  by  frag¬ 
mentation  spectra  analysis  and/or  chemical  modification.  We  have  identified 
membrane-associated  domains  within  the  GlyR  sequence,  previously  thought 
to  be  soluble.  In  addition,  proteolytic  cleavages  have  been  detected  within  the 
postulated  transmembrane  domains.  These  results  suggest  a  new  topological 
model  characterized  by  the  presence  of  membrane- associated  peptides  too  short 
to  be  membrane-spanning  a-helices. 
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Probing  the  Structure  of  Rhodopsin  by  Cysteine  Scanning 
Mutagenesis  and  Disulfide  Cross-linking  Mary  Struthers,  Hongbo  Yu. 
Masahiro  Kor.o.  Daniel  Qprian.  Department  of  Biochemistry  and  the  Volen 
Center  for  Complex  Systems.  Brandeis  University.  Waltham  MA.  02254 
Rhodopsin  is  a  well-studied  member  of  the  superfamily  of  G-protein  couple-: 
receptors  (GPCR).  which  are  integral  membrane  proteins  consisting  of  sever, 
transmembrane  spanning  (TM)  segments.  Cysteine  scanning  mutagenesis  ar.: 
disulfide  cross-linking  have  been  used  to  probe  the  structure  of  rhodopsin  in  the 
fifth  and  sixth  transmembrane  segments.  Mutations  were  performed  in  a  split 
receptor  (SR  1-5  6-7)  consisting  of  non-covalently  associated  N-terminal  (TM  1- 
5)  and  C-terminal  (TM  6-7)  fragments,  which  enabled  facile  detection  of  disul¬ 
fide  bond  formation  in  a  mobility  shift  assay  using  non-reducing  SDS-PAGE.  A 
mild  oxidation  strategy  involving  treatment  of  dark  state  split-rhodopsins  at  pH 
8.0  was  employed  to  promote  cross-linking.  A  series  of  cysteine  substitution; 
in  TMo  were  evaluated  for  the  ability  to  cross-link  with  cysteine  mutations  :n 
TM6.  A  single  cysteine  mutation  in  TM6  selectively  cross-links  with  cysteir.e; 
introduced  at  positions  spaced  at  i  and  i+4  in  TMo.  indicating  tertiary  in¬ 
teractions  between  these  sites.  This  helical  pattern  of  cross-links  for  TMo  i; 
not  maintained  by  mutants  containing  cysteine  replacements  in  the  propose: 
extracellular  loop  region  between  TM4  and  TMo.  At  least  one  cross-linke: 
rhodopsin  activates  the  G-protein  transducin  at  a  rate  similar  to  that  of  the 
wild  type  split  receptor,  indicating  that  cross-linking  of  TM5  and  TM6  in  this 
region  does  not  restrict  the  light-induced  conformational  changes  required  :c: 
receptor  activation. 


Structural  study  of  copper-oxidized  low  density  lipoprotein 
G.  Steve  Huang.  Pig  Research  Institute  Taiwan 
Porcine  plasma  low  density  lipoprotein  has  been  oxidized  in  vitro  at  different 
copper  concentrations  and  analysed  by  IH  NMR  spectroscopy  and  by  circu¬ 
lar  dichroism.  We  found  that:  I)  there  was  structural  alternation  of  protein 
moities:  2)  this  alternation  could  be  characterized  by  NMR  and  CD;  Results 
indicated  that  conformational  change  could  contribute  to  the  atherogenic  prop¬ 
erty  of  oxidized  LDL. 
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PEPTIDES  THAT  MIMIC  THE  CARBOXY-TERMINAL  DOMAIN  OF  SNAP-25  BLOCK 
ACETYLCHOLINE  RELEASE  AT  AN  APLYSIA  SYNAPSE 


J.P.  Apland*1,  J.A.  Biser1,  M.  Adler1,  A.V.  Ferrer-Montiel2,  M.  MontaR,  and  M.G.  Filbert1 


INeurotoxicology  Branch,  USAMRICD,  Aberdeen  Proving  Ground,  MD  21010-5425,  and 
2Dept.  of  Biology,  UCSD,  La  Jolla,  CA  92083-0366 


ABSTRACT 


Botulinum  neurotoxin  serotypes  A  and  E  (BoNT-A  and  BoNT-E)  block  neurotransmitter 
release,  presumably  by  cleaving  SNAP-25.  A  20-amino  acid  peptide  called  ESUP-A  (for 
excitation-secretion  uncoupling  peptide)  spans  the  cleavage  site  for  BoNT-A  and  mimics  the 
carboxy-terminal  domain  of  SNAP-25.  Gutierrez  etal.  (FEBS  Lett.  372:39,  1995)  showed  that 
this  peptide  inhibited  transmitter  release  from  permeabilized  bovine  chromaffin  cells,  apparently 
by  blocking  vesicle  docking  (Gutierrez  et  al. ,  J.  Biol.  Chem.  272:2634,  1997).  Two  similar 
peptides  that  span  the  cleavage  site  for  BoNT-E,  one  with  20  amino  acids  and  one  with  26 
(named  ESUP-E20  and  ESUP-E26,  respectively),  have  also  been  synthesized.  ESUP-E26  is 
reported  to  be  much  more  potent  than  is  ESUP-E20  in  chromaffin  cells.  These  three  peptides 
were  tested  for  effects  on  acetylcholine  (ACh)  release  at  an  identified  cholinergic  synapse  of 
Aplysia  neurons. 

Recordings  were  obtained  from  isolated  buccal  ganglia  of  Aplysia.  The  presynaptic 
neuron  was  current-clamped  and  stimulated  electrically  at  0. 1  Hz  to  elicit  action  potentials.  The 
postsynaptic  neuron  was  voltage-clamped,  and  evoked  inhibitory  postsynaptic  currents  (IPSCs) 
were  recorded.  ESUPs  were  pressure-injected  into  the  presynaptic  neuron,  and  their  effects  on 
the  amplitude  of  the  IPSCs  were  studied.  ACh  release  from  presynaptic  cells,  as  measured  by 
the  amplitudes  of  IPSCs,  was  gradually  inhibited  by  the  peptides.  ESUP-A,  ESUP-E20  and 
ESUP-E26  were  about  equally  effective  in  reducing  evoked  responses.  All  peptides  caused  about 
40%  reduction  in  IPSC  amplitude  in  2  hr.  Random-sequence  peptides  of  the  same  amino  acid 
composition  as  ESUP-A  and  ESUP-E26  had  no  effect.  These  results  suggest  that  ESUPs 
compete  with  the  intact  SNAP-25  for  binding  with  other  fusion  proteins,  thus  inhibiting 
exocytosis  of  neurotransmitter.  Production  of  peptide  fragments  by  BoNT-induced  cleavage  of 
synaptic  proteins  may  therefore  indirectly  contribute  to  inhibition  of  neurotransmitter  release. 
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BOTULINUM  NEUROTOXINS:  MODULATION  OF  PROTEASE  AND  CHANNEL 
ACTIVITIES  BY  TYROSINE  PHOSPHORYLATION 


A.V.  Ferrer-Montiel,  M.  Oblatt-Montal,  J.  Canaves,  and  M.  Montal 


Department  of  Biology,  University'  of  California  San  Diego, 
La  Jolla,  California  92093-0366 


ABSTRACT 


Clostridial  neurotoxins  metal lopro tease  domain  selectively  cleaves  proteins  implicated  in 
the  process  of  synaptic  vesicle  fusion  with  the  plasma  membrane  and,  accordingly,  blocks 
neurotransmitter  release  into  the  synaptic  cleft.  However,  protease  activity  alone  cannot  explain 
the  in  vivo  long  term  effects  of  botulinum  neurotoxins  nor  the  potentiation  of  its  neuroparalytic 
action  by  elevations  of  intracellular  calcium  and  nerve  stimulation.  This  discrepancy  between  in 
vitro  and  in  vivo  effects  could  be  resolved  if  once  internalized,  the  neurotoxins  were  subjected  to 
modulation  by  intracellular  cascades  triggered  by  environmental  signals  which  in  turn  may  alter 
its  activity  on  target  substrates.  We  discovered  that  the  nonreceptor  tyrosine  kinase  Src 
phosphorylates  botulinum  neurotoxins  A,  B  and  E  [1].  Specific  protein  tyrosine 
phosphorylation  of  serotypes  A  and  E  dramatically  increases  both  their  catalytic  activity  and 
thermal  stability,  while  dephosphorylation  reverses  the  effect.  This  suggests  that  the  biologically 
significant  form  of  the  neurotoxins  inside  neurons  is  phosphorylated.  Indeed,  in  PC  12  cells  in 
which  tyrosine  kinases  such  as  Src  and  PYK2  are  highly  abundant,  stimulation  by  membrane 
depolarization  in  presence  of  extracellular  calcium  induces  rapid  and  selective  tyrosine 
phosphorylation  of  internalized  light  chain,  the  metalloprotease  domain,  of  botulinum  toxin  A. 
Tyrosine  phosphorylation  of  botulinum  toxin  A  heavy  chain,  the  channel-forming  domain  [2], 
appears  to  stabilize  the  conductive  state  of  the  channel  with  minor  modifications  of  the  single 
channel  conductance.  These  findings  provide  a  conceptual  framework  to  connect  intracellular 
signaling  pathways  involving  tyrosine  kinases,  G-proteins,  phosphoinositides  and  calcium  with 
the  action  of  botulinum  neurotoxins  in  abrogating  vesicle  fusion  and  neurosecretion. 

1.  Ferrer-Montiel,  et  al.  J.  Biol.Chem.  271:18322-18325,  1996. 

2.  Oblatt-Montal,  M.,  et  al.  Protein  Sci.  4:1490-1497,  1995. 
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The  26-mer  peptide  released  from  SNAP-25  cleavage  by  botulinum 
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Abstract  Botulinum  neurotoxin  E  (BoNT  E)  cleaves  SNAP-25 
at  the  C-terminal  domain  releasing  a  26-mer  peptide.  This 
peptide  product  may  act  as  an  excitation-secretion  uncoupling 
peptide  (ESUP)  to  inhibit  vesicle  fusion  and  thus  contribute  to 
the  efficacy  of  BoNT  E  in  disabling  neurosecretion.  We  have 
addressed  this  question  using  a  synthetic  26-mer  peptide  which 
mimics  the  amino  acid  sequence  of  the  naturally  released  peptide, 
and  is  hereafter  denoted  as  ESUP  E.  This  synthetic  peptide  is  a 
potent  inhibitor  of  Ca2+-evoked  exocytosis  in  permeabilized 
chromaffin  cells  and  reduces  neurotransmitter  release  from 
identified  cholinergic  synapses  in  in  vitro  buccal  ganglia  of 
Aplysia  californica.  In  chromaffin  cells,  both  ESUP  E  and  BoNT 
E  abrogate  the  slow  component  of  secretion  without  affecting  the 
fast,  Ca2+-mediated  fusion  event.  Analysis  of  immunoprecipi- 
tates  of  the  synaptic  ternary  complex  involving  SNAP-25, 
VAMP  and  syntaxin  demonstrates  that  ESUP  E  interferes  with 
the  assembly  of  the  docking  complex.  Thus,  the  efficacy  of 
BoNTs  as  inhibitors  of  neurosecretion  may  arise  from  the 
synergistic  action  of  cleaving  the  substrate  and  releasing  peptide 
products  that  disable  the  fusion  process  by  blocking  specific  steps 
of  the  exocytotic  cascade. 

©  1998  Federation  of  European  Biochemical  Societies. 

Key  words:  SNARE  hypothesis;  Neurosecretion;  Exocytosis; 
Synaptic  transmission;  Protein-protein  interaction 


1.  Introduction 

A  widely  held  view  considers  that  the  process  of  vesicle 
fusion  with  the  plasma  membrane  which  occurs  during  neuro¬ 
nal  exocytosis  is  mediated  by  SNARE  proteins  [1-5].  This 
family  of  membrane  proteins  provides  a  specific  means  of 
pairing  vesicles  (v-SNAREs)  with  target  (t-SNAREs)  mem- 
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branes  [1-5].  Clostridial  neurotoxins  are  metalloproteases  that 
cleave  specific  components  of  the  v-SNARE  and  t-SNARE 
and  abolish  neurotransmitter  release.  Botulinum  neurotoxins 
(BoNT)  B,  D,  F,  and  G,  and  the  structurally  related  tetanus 
toxin  specifically  cleave  VAMP  at  different  sites  [6,7];  BoNT 
A  and  E  cleave  SNAP-25  at  the  C-terminus  [8,9],  and  BoNT 
C  cuts  syntaxin  and  SNAP-25  [10,11],  Proteolysis  of  each  of 
these  substrates  produces  a  truncated  protein  and  releases  a 
peptide  product  [6-11].  It  has  been  proposed  that  these  pep¬ 
tide  products  may  also  prevent  the  formation  of  the  core 
complex  and  thereby  abrogate  Ca2+-triggered  exocytosis 
[12,13].  This  hypothesis  is  supported  by  the  finding  that  trun¬ 
cated  fusion  proteins  and  synthetic  peptides  that  mimic  the 
amino  acid  sequence  of  segments  from  synaptotagmin  [14,15], 
SNAPs  [16],  synaptobrevin  [17],  syntaxin  [18],  Ca2+  channels 
[19],  and  SNAP-25  [12,13,20]  are  specific  inhibitors  of  neuro¬ 
secretion.  In  particular,  a  20-mer  peptide  encompassing  the  C- 
terminal  domain  of  SNAP-25  blocked  exocytosis  by  inhibiting 
vesicle  docking  in  permeabilized  chromaffin  cells  [12,13].  The 
term  ESUP  (excitation-secretion  uncoupling  peptide)  was 
coined  to  highlight  this  inhibitory  activity  [12].  Although  these 
results  suggest  that  peptide  products  resulting  from  substrate 
cleavage  by  BoNTs  may  block  vesicle  fusion,  experimental 
support  to  substantiate  this  notion  is  still  limited. 

Here,  we  show  that  a  26-mer  peptide  corresponding  to  the 
amino  acid  sequence  of  the  peptide  product  released  by  BoNT 
E  cleavage  of  SNAP-25,  referred  to  as  ESUP  E,  efficiently  and 
selectively  blocks  Ca2+-evoked  exocytosis  in  chromaffin  cells 
and  neurotransmitter  release  in  Aplysia  cholinergic  synapses. 
Our  results  are  consistent  with  the  notion  that  ESUP  E  pre¬ 
vents  vesicle  docking  by  interfering  with  the  assembly  of  the 
synaptic  ternary  complex  formed  by  SNAP-25,  VAMP  and 
syntaxin. 

2.  Material  and  methods 

2.1.  Reagents 

[3H]Noradrenaline  was  from  DuPont-NEN  (Boston,  MA).  t-Boc 
and  Fmoc  amino  acids,  with  standard  side  chain  protecting  groups, 
were  obtained  from  Applied  Biosystems  (Foster  City,  CA),  NovaBio- 
chem  (La  Jolla,  CA)  or  Peninsula  Laboratories  (Belmont,  CA).  Sol¬ 
vents,  reagents  and  resins  for  peptide  synthesis  were  obtained  from 
Applied  Biosystems  (Foster  City,  CA),  Percoll  from  Pharmacia,  col- 
lagenase  (EC  3.4.24.3)  from  Boehringer  Mannheim  (Germany),  anti- 
SNAP-25  mAb  (clone  SM81)  from  Sternberger  (Baltimore,  MD), 
anti-syntaxin  mAb  (clone  HPC1)  from  Sigma  (St.  Louis,  MO)  and 
anti-VAMP  Ab  from  Stressgen  (Canada).  Agarose-conjugated  protein 
G  was  from  Pierce  (Rockford,  IL).  BoNTs  were  kindly  provided- by 
Drs.  B.R.  DasGupta  and  M.  Goodnough  (University  of  Wisconsin). 
All  other  reagents  were  of  analytical  grade  from  Sigma. 
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2.2.  Peptide  synthesis  and  purification 

ESUP  E  (SNAP-25  [181-206]:  IMEKADSNKTRIDEANQRAT- 
KMLGSG)  and  ESUP  ERDM  (ESDNDTRAIKITQAGSMKRMGL- 
NAKE)  were  synthesized  by  Fastmoc  Frnoc  chemistries  in  an  Applied 
Biosystems  431 A  automated  solid-phase  peptide  synthesizer,  cleaved 
and  purified  as  described  [12,13], 

2.3.  Activation  of  BoNT  E 

The  single  chain  BoNT  E  in  25  mM  HEPES  was  converted  to  the 
‘nicked’  di-chain  form  by  treatment  with  0.3  mg/ml  trypsin  XI  for 
30  min  at  37°C,  followed  by  incubation  with  0.5  mg/ml  soybean  tryp¬ 
sin  inhibitor  for  15  min  at  room  temperature.  Aliquots  of  the  nicked 
toxin  were  frozen  at  — 80°C,  then  thawed  and  treated  with  1  mM 
dithiothreitol  (DTT)  immediately  before  use  to  expose  the  active  site 
of  the  light  chain  protease. 

2.4.  Chromaffin  cell  cultures  and  secretion  assays 

Chromaffin  cell  cultures  were  prepared  from  bovine  adrenal  glands 
by  collagenase  digestion  and  further  separated  from  debris  and  eryth¬ 
rocytes  by  centrifugation  on  Percoll  gradients  as  described  [12,13], 
Cells  were  maintained  in  monolayer  cultures  at  a  density  of  625000 
cells/cm2  and  were  used  3-6  days  after  plating.  All  the  experiments 
were  performed  at  37°C.  Secreted  [3H]noradrenaline  was  assayed  in 
digitonin-permeabilized  cells  as  described  [12,13],  The  CPM  released 
from  control  cells  under  basal  conditions  was  ~3000,  and  increased 
to  ~  11  000  when  stimulated  with  10  pM  Ca2+.  The  total  number  of 
counts  obtained  from  detergent-permeabilized  cells  was  ~  110000. 
Thus,  the  normalized  basal  release  represents  3.5%  of  the  total  secre¬ 
tion,  and  the  Ca2+ -evoked  component  accounts  for  ~  10%  of  the 
total.  Statistical  significance  was  calculated  using  Student’s  (-test 
with  data  from  £4  independent  experiments. 


ature.  ESUP  E  and  ESUP  ERDM  (5  mM)  were  dissolved  in  600  mM 
NaCl  containing  1%  (w/v)  fast  green  FCF  dye  to  aid  in  visualizing  the 
volume  injected.  The  solution  was  air  pressure-injected  into  the  pre- 
synaptic  cell  by  micropipette.  A  maximum  pressure  of  60  psi  was  used 
to  introduce  an  adequate  volume  of  solution  into  the  presynaptic  cell 
as  indicated  by  the  appearance  of  intracellular  dye.  The  volume  of 
solution  injected  was  £10%  of  the  estimated  cell  volume,  yielding  a 
final  intracellular  peptide  concentration  si 00  pM.  BoNT  E  concen¬ 
tration  in  the  micropipette  was  3.3  pM. 

3.  Results  and  discussion 

3.1.  A  peptide  mimicking  the  26-aa  peptide  fragment  released 
by  BoNT  E  cleavage  of  SNAP-25  blocks  exocytosis 
Cleavage  of  the  C-terminus  of  SNAP-25  by  BoNT  E  re¬ 
leases  a  26-mer  peptide  that  may  block  neurosecretion 
[12,13],  To  test  this  hypothesis,  we  synthesized  this  26-mer 
peptide  (ESUP  E)  and  assayed  the  presumed  inhibitory  activ¬ 
ity  on  Ca2J  -evoked  catecholamine  release  from  digitonin-per¬ 
meabilized  chromaffin  cells.  ESUP  E  blocked  noradrenaline 

BoNTE 
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2.5.  Immunoprecipitation  of  the  ternary  complex 

SNAP-251  VAMP/syntaxin  from  solubilized  rat  brain  synaptosomes 
Rat  brain  synaptosomes  were  prepared  from  brain  cortices  as  de¬ 
scribed  [21].  Synaptosomes  (100  pg)  were  solubilized  in  radioimmu- 
noprecipitation  assay  buffer  (50  mM  Tris-HCl  pH  7.4,  150  mM  NaCl, 
1%  Nonidet  P-40,  0.25%  deoxycholate,  1  mM  EGTA,  1  mM  NaF, 
1  mM  Na3V04,  1  mM  phenylmethylsulfonyl  fluoride  and  5  mM 
iodoacetamide),  incubated  with  or  without  100  pM  ESUPs  for  2  h 
at  4<’C,  unless  otherwise  indicated.  Insoluble  material  was  removed  by 
centrifugation  at  lOOOOXg  for  30  min  at  4°C.  Immunopurification  of 
the  ternary  complex  SNAP-25/VAMP/syntaxin  from  the  soluble  ma¬ 
terial  was  achieved  by  using  an  overnight  incubation  with  anti-SNAP- 
25  monoclonal  antibody  (1  pg  mAb/100  pg  protein).  Immunocom- 
plexes  were  captured  with  agarose-conjugated  protein  G  (100  pi, 
50%  slurry),  and  washed  six  times  with  500  pi  of  radioimmunopre- 
cipitation  buffer  at  4°C.  Immunoprecipitates  were  dissolved  with  50  pi 
of  SDS-PAGE  buffer,  boiled  5  min,  separated  by  SDS-PAGE  and 
analyzed  by  immunoblotting.  Blots  were  probed  with  the  anti- 
SNAP-25  mAb,  an  anti-syntaxin  mAb  and  an  anti-VAMP  Ab.  Bands 
were  visualized  using  the  ECL  system,  and  quantified  using  the  public 
domain  NIH  Image  program  version  1.57  [13].  Data  are  given  as 
mean  ±  S.E.M.,  with  n  (number  of  experiments)  =  3. 

2.6.  Inhibition  of  neurotransmitter  release  in  Aplysia  synapses 
Experiments  were  performed  with  neuronal  preparations  from  the 

marine  mollusc  Aplysia  californica.  Intraneuronal  inhibition  of  nerve- 
evoked  release  of  acetylcholine  (ACh)  was  measured  at  identified 
cholinergic  synapses  of  Aplysia  buccal  ganglia  [22,23],  The  ganglia 
were  surgically  removed  and  pinned  to  the  Sylgard  lined  bottom  of 
an  acrylic  chamber,  and  the  connective  tissue  capsule  was  excised.  The 
soma  of  identified  pre-  and  postsynaptic  cholinergic  neurons  were 
impaled  with  glass  microelectrodes  (2-4  M£2)  filled  with  2  M  potas¬ 
sium  acetate.  Action  potentials  were  evoked  in  presynaptic  neurons  by 
suprathreshold  depolarizing  stimuli  applied  at  0. 1  Hz.  Neurotransmit¬ 
ter  release  was  assessed  by  measuring  the  amplitudes  of  inhibitory 
postsynaptic  currents  (IPSCs)  in  voltage-clamped  follower  neurons. 
Presynaptic  potentials  and  postsynaptic  currents  were  digitized  and 
stored  on  a  personal  computer  using  pClamp  software  (Axon  Instru¬ 
ments,  Foster  City,  CA).  Only  responses  that  were  not  accompanied 
by  spontaneous  activity  were  analyzed.  The  preparation  was  super- 
fused  continuously  at  a  rate  of  1  ml/min  with  artificial  sea  water 
containing  in  mM:  NaCl  480;  KC1  10;  CaCl2  10;  MgCl2  20;  MgS04 
30;  NaHCO.3  2.5;  HEPES  10,  at  pH  7.8,  maintained  at  room  temper¬ 


Fig.  1.  ESUP  E  blocks  Ca2+ -dependent  catecholamine  secretion 
from  permeabilized  chromaffin  cells.  Top:  Schematic  representation 
of  SNAP-25  with  the  cleavage  site  for  BoNT  E.  ESUP  E  represent 
the  peptide  product  (aa  181-206)  released  by  BoNT  E  cleavage  of 
SNAP-25.  Bottom:  A:  Concentration-dependent  inhibition  of  Ca2+- 
evoked  catecholamine  release  from  pemeabilized  chromaffin  cells  by 
BoNT  E,  ESUP  E  and  ESUP  ERDM.  Net  release  is  given  as 
mean  ±  S.E.M.  with  n  (number  of  experiments  performed  in  tripli¬ 
cate)  =  4.  Solid  lines  depict  the  best  fit  to  the  logistic  equation: 
B/Bmax  =  l/(l+([blocker]/IC5o)n),  where  B  denotes  the  extent  of 
block,  Bllmx  represents  the  maximal  block;  IC50  denotes  the  concen¬ 
tration  of  blocker  (BoNT  E  or  ESUP  E)  that  produces  half- 
maximal  block,  and  n  is  the  Hill  coefficient  of  the  blocking  activity. 
For  BoNT  E  the  values  were  IC5o  =  1.811.3  nM,  n  =  0.5;  and  for 
ESUP  E,  IC5o  =  250±75  nM,  n  =  0.6.  B:  Time  course  of  the  net 
noradrenaline  release  (Ca2+ -stimulated  minus  basal)  obtained  in 
presence  or  absence  of  100  pM  ESUP  E  or  10  nM  BoNT  E. 
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release  with  an  IC5q=250±75  nM,  and  a  maximal  inhibition 
of  ~70%  (Fig.  1A).  The  ESUP  inhibitory  activity  was  similar 
to  that  elicited  by  BoNT  E  with  respect  to  maximal  inhibition 
(~70%)  but  was  ~  140-fold  less  efficient  (BoNT  E 
IC5o=1.8  ±  1.3  nM).  The  sequence  specificity  of  ESUP  activity 
was  assessed  by  synthesizing  a  randomized  version  of  the 
peptide  (ESUP  ERDM),  which  was  proven  inert  in  blocking 
catecholamine  release  at  concentrations  up  to  100  pM  (Fig. 
1A). 

To  identify  the  step  of  the  exocytotic  cascade  blocked  by 
ESUP  E,  we  investigated  its  activity  on  the  kinetics  of  the 
secretory  process  and  compared  it  with  that  produced  by 
BoNT  E  (Fig.  IB).  Permeabilized  cells  were  incubated  with 
ESUP  E  or  DTT-reduced  BoNT  E  for  5  min,  and  secretion 
was  evoked  by  Ca2+  pulses  of  different  duration.  Incubation 
of  permeabilized  chromaffin  cells  with  10  pM  ESUP  E  or 
10  nM  BoNT  E  inhibited  ~60%  of  catecholamine  release, 
primarily  by  altering  the  slow  phase  of  secretion  (Fig.  IB), 
suggesting  that  the  vesicle  pools  upstream  of  docking  and 
priming  steps  are  sensitive  to  the  action  of  ESUP  E  and 
BoNT  E  [24-26].  These  data  indicate  that  the  26-mer  peptide 
released  by  BoNT  E  cleavage  of  SNAP-25  is  a  potent  and 
specific  uncoupler  of  Ca2+-evoked  exocytosis,  and  suggest 
that  the  efficiency  of  BoNT  E  to  disable  the  fusion  process 
may  arise  from  the  combined  action  of  cleaving  a  protein 
critical  for  the  assembly  of  the  fusion  complex,  and  by  releas¬ 
ing  a  small  peptide  which,  in  turn,  may  interfere  with  the 
formation  of  the  complex. 


45  min  80  min 

Fig.  2.  ESUP  E  blocks  ACh  release  by  the  presynaptic  neuron  in  a 
cholinergic  synapse  in  Aplysia  buccal  ganglia.  ACh  release  was 
monitored  as  the  amplitude  of  the  IPSC  (lower  trace)  elicited  by  an 
evoked  action  potential  (upper  trace)  in  the  presynaptic  neuron.  Re¬ 
cordings  show  the  decrement  of  the  IPSC  amplitude  after  injection 
of  ESUP  E  into  the  presynaptic  neuron  at  zero  time. 


Time  (min) 


Fig.  3.  ESUP  E  and  BoNT  E  inhibit  IPSC  amplitude  in  Aplysia 
buccal  ganglion  synapses.  Active  ESUP  E  (n  =  10),  the  inactive  ran¬ 
dom  sequence  ESUP  ERDM  analog  (n  =  8),  or  BoNT  E  (n  =  7)  were 
injected  into  the  presynaptic  neuron  at  zero  time.  IPSC  amplitude 
was  inhibited  after  injection  of  active  ESUP  E  and  BoNT  E  but  not 
by  injection  of  the  inactive  analog.  Mean  +  S.E.M. 

3.2.  ESUP  E  and  BoNT  E  inhibit  neurotransmitter  release  in 

Aplysia  cholinergic  synapses  in  vitro 

Release  of  ACh  by  the  presynaptic  neuron  in  response  to 
electrically  evoked  action  potentials  was  assessed  from  the 
amplitudes  of  the  evoked  IPSCs  in  a  voltage-clamped  post- 
synaptic  neuron.  Fig.  2  shows  superimposed  action  potentials 
and  IPSCs  in  a  typical  experiment.  ESUP  E  was  injected  into 
the  presynaptic  neuron  at  zero  time  (top  left  panel),  and  the 
resultant  decline  of  IPSC  amplitude  is  shown  at  three  succes¬ 
sive  time  points.  The  IPSC  amplitude  declined  to  52%  of  the 
control  value  120  min  after  the  injection  of  ESUP  E.  The 
decrease  of  IPSC  amplitude  was  gradual  and  incomplete,  typ¬ 
ically  requiring  2  h  to  reach  a  stable  value  of  30-70%  of  the 
control.  The  time  course  of  the  effect  of  peptides  or  toxin 
injection  on  IPSC  amplitude  is  shown  in  Fig.  3.  BoNT  E, 
ESUP  E  or  ESUP  ERDM  were  injected  at  time  zero.  The  in¬ 
crease  of  IPSC  amplitude  immediately  following  the  injection 
of  ESUP  Erdm  was  not  considered  to  be  significant  since  such 
increases  were  a  frequent  consequence  of  pressure  injection  of 
any  compound,  and  IPSC  amplitudes  typically  returned  to 
control  values  within  20  min.  No  further  reduction  of  re¬ 
sponses  occurred  in  cells  injected  with  the  random-sequence 
control  peptide,  whereas  IPSCs  in  cells  injected  with  BoNT  E 
and  active  ESUP  E  declined  to  a  stable  level  over  the  ensuing 
120  min. 

The  rate  and  extent  of  IPSC  inhibition  caused  by  BoNT  E 
was  greater  than  that  produced  by  ESUP  E:  the  amplitude 
was  attenuated  by  50%  in  28  min  and  by  90%  in  120  min  by 
BoNT  E,  whereas  inhibition  by  ESUP  E  was  only  50%  at  120 
min.  The  more  rapid  and  nearly  complete  IPSC  decrement 
caused  by  BoNT  E  supports  the  concept  that  the  inhibition 
caused  by  the  toxin  protease  is  a  consequence  of  both  a  de¬ 
crease  in  available  SNAP-25  and  an  accumulation  of  cleavage 
products. 

3.3.  ESUP  E  inhibits  vesicle  docking  by  interfering  with  the 

formation  of  the  ternary  complex  comprising  SNAP-25, 

VAMP,  and  syntaxin 

Since  the  C-terminal  domain  of  SNAP-25  binds  tightly  to 
VAMP  and  syntaxin  during  vesicle  docking,  forming  a  highly 
stable  ternary  complex,  it  is  conceivable  that  ESUP  E  blocks 
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Fig.  4.  ESUP  E  disrupts  the  interaction  between  SNAP-25,  VAMP 
and  syntaxin.  A:  Immunoprecipitates  of  the  ternary  complex 
SNAP-25/VAMP/syntaxin  from  rat  brain  synaptosomes  incubated 
without  (Control)  or  with  100  pM  ESUP  E  or  ESUP  ERDM.  Immu- 
nocomplexes  were  analyzed  using  SDS-PAGE  (4-20%)  under  non¬ 
reducing  conditions,  and  immunoblotted  with  an  anti-syntaxin 
mAb,  anti-SNAP-25  mAb  and  anti-VAMP  Ab.  B:  Data  of  three 
different  experiments  were  quantified  by  image  analysis,  and  values 
normalized  with  respect  to  that  of  control. 

the  docking  process  by  competition  with  SNAP-25  for  binding 
to  the  ternary  complex.  To  examine  this  question,  we  studied 
the  effect  of  ESUP  E  on  the  interaction  of  SNARE  proteins  in 
digitonin-permeabilized  chromaffin  cells.  We  did  not  observe 
coimmunoprecipitation  of  all  the  SNARE  proteins  with  the 
anti-SNAP-25  mAb  (data  not  shown),  as  reported  by  others 
[27],  We  therefore  turned  to  rat  brain  synaptosomes  as  an 
alternative  preparation  [3,20,28].  Since  the  SNARE  complex 
forms  spontaneously  during  synaptosome  preparation  and 
solubilization,  we  evaluated  if  ESUP  E  could  displace 
SNAP-25  from  the  ternary  complex  and,  therefore,  dissociate 
the  preformed  aggregate  or  interfere  with  its  assembly.  The 
experimental  protocol  involved  detergent  solubilization  of 
synaptosomes,  incubation  with  ESUP  E  or  ESUP  ERDM,  im- 
munopurification  of  the  ternary  complex  using  an  anti-SNAP- 
25  mAb  followed  by  separation  of  the  components  using 
SDS-PAGE.  Immunoblots  probed  with  specific  antibodies 
raised  against  syntaxin,  SNAP-25  and  VAMP  revealed  the 
presence  of  the  three  proteins  in  the  immunoprecipitate  (Fig. 
4A).  Incubation  with  100  p.M  ESUP  E  inhibited  the  coimmu- 
precipitation  of  VAMP  and  syntaxin  without  affecting  the 
immunopurification  of  SNAP-25. 

A  quantitative  analysis  of  the  immunoblots  is  shown  in  Fig. 
4B.  An  excess  of  ESUP  E  inhibited  the  coimmunoprecipita¬ 
tion  of  VAMP  by  ~30%  and  of  syntaxin  by  ~40%,  whereas 
no  effect  was  detected  with  ESUP  ERDM,  in  accord  with 
expectations.  The  partial  inhibition  produced  by  ESUP  E 


(100  pM)  may  be  accounted  for  by  its  relatively  low  affinity 
(Fig.  1A).  Nonetheless,  the  fact  that  a  short  peptide  may 
interfere  with  the  assembly  or  stability  of  an  SDS-resistant 
complex  is  highly  significant,  and  provides  experimental  sup¬ 
port  for  the  notion  that  ESUP  E  inhibits  vesicle  docking  by 
preventing  the  formation  of  the  essential  ternary  complex. 
These  findings  suggest  that  ESUP  E  may  compete  with 
SNAP-25  for  binding  to  VAMP  and  interrupt  the  ensuing 
chain  of  protein-protein  interactions  that  lead  to  vesicle  fu¬ 
sion. 

3.4.  Molecular  mechanism  of  ESUPs  biological  activity 
The  finding  that  the  26-mer  peptide  released  from  SNAP-25 
cleavage  by  BoNT  E  mimics  the  inhibitory  action  of  this 
neurotoxin  on  neurosecretion  (Fig.  1),  and  on  synaptic  trans¬ 
mission  (Figs.  2  and  3),  provides  support  to  the  tenet  that 
BoNTs  abrogate  vesicle  fusion  by  the  combined  action  of 
cleaving  the  substrate  and  releasing  peptide  products  which 
block  the  docking  or/and  priming  steps  of  the  exocytotic  cas¬ 
cade.  The  result  that  the  ternary  complex  is  specifically  dis¬ 
rupted  by  an  excess  of  ESUP  E  (Fig.  4)  supports  this  view. 
The  fact  that  the  20-mer  ESUP  A  (SNAP-25  [187-206]: 
SNKTRIDEANQRATKMLGSG),  corresponding  to  the  C- 
terminal  sequence  of  SNAP-25,  arrests  the  ATP-dependent 
maturation  of  the  secretory  granules  and  promotes  the  accu¬ 
mulation  of  secretory  vesicles  near  the  plasma  membrane  is  in 
accord  with  this  notion  [13].  Recent  studies  implicate  the  C- 
terminal  segment  of  SNAP-25  encompassing  residues  180-196 
in  vesicle  docking  and  in  a  late  post-docking  step  [29,30],  Our 
finding  that  ESUP  E  is  a  more  efficient  inhibitor  of  neuro¬ 
secretion  than  ESUP  A  supports  this  conclusion.  Thus, 
ESUPs  mimicking  specific  protein  domains  provide  novel 
tools  to  dissect  their  contribution  to  different  steps  of  neuro¬ 
secretion. 
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MODULATION  OF  SNAP-25-S YNT AXIN- VAMP  COMPLEX  FORMATION 
AND  STABILITY  BY  SMALL  PEPTIDES 

C.  Blanes-Mira1.  A.  Gil2,  M.  Llobregat1,  G.  Fernandez-Ballester1,  R.  Planells-Cases1,  E. 
Perez-Paya3,  J.  Canaves4,  L.  M.  Gutierrez2,  M.  Montal4,  and  A.  Ferrer-Montiel1. 
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Ca2+-dependent  exocytosis  is  a  highly  regulated  process  in  neural  and  endocrine  cells.  The  SNARE  model  proposes  that  this 
process  rely  on  the  specificity  of  protein-protein  interactions  between  vesicular  (v-SNARE)  and  plasma  membrane  (t-SNARE) 
proteins.  Thus,  formation  of  stable  protein  complexes  account  for  the  efficiency  and  fidelity  of  vesicle  docking  and  fusion.  To 
better  understand  the  physical  basis  of  complex  formation,  we  have  used  peptide  molecules  that  interfere  with  the  formation  of 
the  ternary  complex  between  the  vesicular  protein  VAMP  (v-SNARE)  and  the  plasma  membrane  proteins  SNAP-25  and  syntaxin 
1  (t-SNARE).  The  results  show  that  peptides  patterned  after  the  carboxy  terminus  of  SNAP-25  prevent  complex  formation  of 
recombinant  proteins  and  in  a  rat  brain  synaptosomal  fraction.  As  a  result,  these  peptides  are  potent  inhibitors  of  Ca2+-dependent 
exocytosis,  emulating  the  action  of  botulinum  neurotoxins.  Thus,  our  results  substantiate  the  notion  that  the  C-end  domain  of 
SNAP-25,  specifically  residues  170-197,  are  essential  for  efficient  neurosecretion,  and  provide  novel  tools  to  dissect  the 
contribution  of  this  protein  region  to  the  chain  of  protein-protein  interaction  events  of  the  secretory  pathway. 
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